The determination of geomorphologically effective flows for selected eastern sea-Board Rivers in South Africa by Dollar, E S J
~~S UNr.l'fll'lfT' 
c.lf'lP.i'ln 
o i\U .HL 9\ - 1(;,_ .. _ 
• • 
a!'IN ;;(O~~ 0 E, 
...... ., •. -.-_. - -___ 1"'<- - , __ ;. :_ ;'.-~ 
The Determination of Geomorphologically Effective Flows for 
Selected Eastern Sea-Board Rivers in South Africa 
THESIS 
Submitted in fulfilment of the 
requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
of 
RHODES UNIVERSITY 
by 
EV AN STEPHEN JOHN DOLLAR 
November 2000 
for S.M.G. 
ABSTRACT 
In South Africa the need to protect and manage the national water resource has led to the 
development of the Reserve as a basic right under the National Water Act (1998) . The Ecological 
Reserve relates to the quality and quantity of water necessary to protect the sustainable functioning 
of aquatic ecosystems. The geomorphological contribution to setting the Reserve has focussed on 
three groups of information requirements : the spatial and temporal availability of habitat, the 
maintenance of substratum characteristics, and the maintenance of channel form . This thesis focusses 
on the second and third information requirements. The thesis has attempted to achieve this by adding 
value to the theoretical and applied understanding of the magnitude and frequency of channel forming 
discharge for selected southern African rivers. Many of the eastern sea-board rivers are strongly 
influenced by bed rock in the channel perimeter, and by a highly variable hydrological regime. This 
has resulted in characteristic channel forms, with an active channel incised into a larger macro-channel 
being a common feature of eastern seaboard rivers. Within the active channel inset channel benches 
commonly occur. This alluvial architecture is used to provide clues as to the types of flows necessary 
to meet the Reserve. 
Three river basins are considered : the Mkomazi, Mhlathuze and Olifants. The Mkomazi is a relatively 
un-impacted perennial eastern-sea board river and forms the research component of the study. The 
Mhlathuze and Olifants rivers are highly regulated systems and form the application component of 
the study. Utilising synthesised daily hydrological data, bed material data, cross-sectional surveys, 
hydraulic data and relevant bed material transport equations, channel form was related to dominant 
discharge and effective discharge in an attempt to identify the magnitude and frequency offlows that 
can be considered to be ' effective' . 
Results from the Mkomazi River indicate that no single effective discharge exists, but rather that there 
is a range of effective discharges in the 5-0. I % range on the I-day daily flow duration curves that are 
responsible for the bulk (>80%) of the bed material transport . Only large floods (termed 'reset' 
discharges) with average return periods of around 20 years generate sufficient stream power and 
shear stress to mobilise the entire bed. The macro-channel is thus maintained by the large ' reset' flood 
events, and the active channel is maintained both by the range of effective discharges and the ' reset ' 
discharges. These are the geomorphologically 'effective' flows. 
Results from the Mhlathuze River have indicated that the Goedertrouw Dam has had a considerable 
impact on the downstream channel morphology and bed material transport capacity and consequently 
the effective and dominant discharges. It has been suggested that the Mhlathuze River is now 
adjusting its channel geometry in sympathy with the regulated flow environment. Under present-day 
conditions it has been demonstrated that the total bed material load has been reduced by up to three 
times, but there has also been a clear change in the way in which the load has been distributed around 
the duration curve. Under present-day conditions, over 90% of the total bed material load is 
transported by the top 5% of the flows, whereas under virgin flow conditions 90% of the total bed 
material load was transported by the top 20% of the flows . 
For the Olifants River there appears to be no relationship between the estimated bankfull discharge 
and any hydrological statistic. The effective discharge flow class is in the 5-0.01 % range on the I-day 
daily flow duration curve. It has also been pointed out that even the highest flows simulated for the 
Olifants River do not generate sufficient energy to mobilise the entire bed. It is useful to consider the 
Olifants River as being adapted to a highly variable flow regime. It is erroneous to think of one 
' effective ' discharge, but rather a range of effective discharges are of significance. 
It has been argued that strong bed rock control and a highly variable flow regime in many southern 
African rivers accounts for the channel architecture, and that there is a need to develop an ' indigenous 
knowledge ' in the management of southern African fluvial systems. 
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Chapter 1: Introduction 
1.1 Introduction 
Newson (1995) defines fluvial geomorphology as the science that seeks to investigate the complexity 
of behaviour of river channels at a range of spatial scales from cross-sections to catchments. It also 
seeks to investigate process and response over a range of time scales. Fluvial geomorphology 
considers that river channels are a natural continuum, hard to separate, and that load, sediment supply 
and steamflow factors have a significant influence on form (Newson el al. , 1998). Rhoads (1994a) 
has argued that (p.588) "The most critical challenge confronting fluvial geomorphologists today is 
to devise strategies for integrating a diverse assortment of research that spans a broad range of spatial 
and temporal scales" . Furthermore, Rhoads (1994a) suggested that if fluvial geomorphology is to 
grow as a science it must (p.601) "demonstrate its value by contributing either to fundamental 
scientific issues that transcend boundaries or to the solution of pressing societal problems". 
One of the ways in which fluvial geomorphology has made a contribution is in the field of river 
management In the past the dominant approach to river management has been an engineering one, 
the focus of which has been on controlling rivers rather than managing them in sympathy with their 
natural operation. Recently, however, given the current political climate and as river management 
time scales and perceptions change, it is now much easier to convince river managers of the need for 
geomorphological input in managing of fluvial systems (cf. Newson & Sear, 1998; Brizga & 
Finlayson, 2000). A major focus in this regard has been the relationship between fluvial 
geomorphology and ecology (Dollar, 2000) The basis of this relationship is that the channel boundary 
provides the physical habitat for lotic ecosystems, and hence channel habitat and associated biota (cf. 
Pelts, 1985; Padmore, 1997; Mosley & Jowett, 1999; Rowntree & Wadeson, 1999) Substrate 
conditions, for example, have been shown to have a profound effect on the health of aquatic 
ecosystems (cf. Milhous, 1998a), while flow regime has been shown to have a significant impact on 
riparian vegetation (cf. Bendix, 1999). 
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Of particular interest to fluvial geomorphologists are the impacts of impoundments (Boon et aI. , 
1992) These impacts vary with function and management of reservoirs, but commonly include a 
decrease in flood magnitude and frequency, reduced sediment transport capacity and competence, 
and reduced downstream sediment supply due to trapping behind the dam. Attempts to minimise 
these impacts have resulted in scientists attempting to define a (regulated) flow regime that will mimic 
the significant effects of the natural pre-impoundment flow (King & Louw, 1998). These flows have 
been given the generic term 'environmental flows ' (cf Dollar, 2000). The underlying assumption is, 
however. that scientists know the range of flows which maintain the flood plain, macro-channel and 
active channel in a 'natural' or 'equilibrium state'. This requires identifying the magnitude and 
frequency of channel forming discharge and sediment-maintenance flushing flows. 
The magnitude-frequency concept is based on the assumption that in alluvial systems. channel form 
(and/or morphological features) can be related to a specific magnitude (discharge) and frequency 
(return period or duration) offlow Sediment-maintenance flushing flows refer to the magnitude and 
frequency offlows that perform a particular sediment-related task; moving gravel through a riffle for 
example. From a river management perspective, it is of great practical benefit to identify the flows 
that perform these tasks so that a regulated flow regime can be implemented that will result in 
minimal long-term disturbance to the channel. It is ironic that the search for these ' environmental 
flows' has led to the re-visiting of the classic magnitude-frequency debates of the 1960s and 1970s. 
The magnitude-frequency concept is central to this thesis and will be discussed in greater detail in 
Chapter 3. 
1.2 Fluvial geomorphology and ri,'er management 
The geomorphological approach to river management differs fundamentally from an ecological or 
engineering one in that 
• Fluvial geomorphologists adopt a catchment-scale approach to river management in which 
the link between the catchment and the channel is considered inseparable. By contrast. the 
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engineering approach tends to be reach based, where solutions tend to deal with local 
symptoms of a problem, rather than its more fundamental causation (Knighton, 1998). 
The geomorphologist adopts a long-term strategy to fluvial system understanding, 
recognising that channel dynamics can be conceptualised over a wide range of spatial and 
temporal scales (see Section 1.3). Engineering and ecological approaches to management tend 
to ignore longer-term natural changes and variability . 
• One ofthe fundamental causes of channel adjustment is the supply and movement of sediment 
through a fluvial system. A conceptual understanding of this requires a spatial and temporal 
approach. A catchment-wide audit of the source, supply, transport and sinks of this sediment 
is necessary for effective river management to take place (Newson, 1995). 
• One of the bases of geomorphology is the assumption of dynamic change. Knighton (1998) 
argues that the regime assumptions favoured by river engineers need to be augmented by a 
more dynamic framework which involves the development, evaluation and application of 
methodologies for the analysis of change. 
It is important to recognise that while the geomorphological approach is fundamentally different to 
an ecological or engineering one, the value that fluvial geomorphologists can add to managing fluvial 
systems is limited by their conceptual understanding of the physical functioning of the said systems. 
There is by no means consensus of opinion as to how fluvial systems function . A good illustration of 
this is the legal case in the United States of reserved water rights in the Platte River in Boulder, Park 
and Teller counties (Gordon, 1995). Two eminent fluvial geomorphologists, Luna B. Leopold and 
Stanley M. Schumm, differed fundamentally on a number of key issues pertaining to fluvial system 
functioning . These included theories of channel formation and maintenance, the interpretation of 
bankfull level, the definition of the term flood , the adjustability of stream channels, flushing flows, 
hydraulic geometry, geomorphic thresholds, stream geometry, the effects of vegetation on stream 
processes, sediment transport in mountain streams, pavement and armouring, incipient motion, the 
calculation of boundary shear stress and effective discharge. It is important in managing fluvial 
systems that the paradigm from which the management strategy is developed is clearly stated, as this 
will determine the planning and ultimately the implementation of the regulated flow regime. 
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1.3 Temporal scales and river management 
It is instructive at this point to consider the importance of temporal scales in fluvial system 
understanding. This was first highlighted by Schumm & Lichty (1965) who have shown that the 
distinction between cause and effect in fluvial systems is a function of time and scale. The factors 
determining channel form and process can be viewed as either dependent or independent, depending 
on the temporal scale within which they are considered (Table I . I) Furthermore, it is common 
knowledge that tectonic, climatic and environmental change have impacted on fluvial systems 
throughout geological time (cf Arnell, 1992; Blum el al., 1994; McCabe & Hay, 1995; Thomas & 
Thorp, 1995). Scientists need to bring this to the attention of river managers, as it is possible to 
misinterpret natural instability in fluvial systems as being a result of human impact (cf Macklin & 
Lewin, 1992; Gilvear, 1994; Zhang, 1998), or to mis-diagnose cyclical changes as channel instability 
(cf De Ploey, 1989; Moon el al.. 1997; Poesen & Hooke, 1997) or even to exaggerate human impact 
(cf Grayson el aI., 1998) While the integrated management of catchments is implicitly 
contemporaneous, it should always be performed within a historical context (Davis et aI., 1999). 
Despite this knowledge, temporal scales in fluvial systems are seldom accounted for in river 
management. Recently, however, larger time scales are becoming more politically acceptable given 
an era dominated by sustainable development and by the general scientific impression of impending 
rapid environmental change (cf Brooks. 1995; Environmental Agency, 1998; Newson & Sear, 1998). 
It is within this context that the management of southern African fluvial systems should be 
undertaken. 
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Table 1. 1: The status of river control variables considered in different temporal scales (after Schumm & 
Lichty, 1965). 
.--
River variables Status of variables during designated time span 
Time 
Geology 
Climate 
Vegetation 
Relief 
Palaeohydrology 
Valley dimensions 
Channel morphology 
Observed discharge of 
water and sediment 
Observed flo,,· 
characteristics 
Geologic 
(10'+ years) 
Independent 
Independent 
Independent 
Dependent 
Dependent 
Dependent 
Dependent 
Indeterminate 
Indetemlinatc 
Indetenninate 
1.4 The southern African management context 
Geomorphological Ecological 
(10' to l()l years) (10° to 10' years) 
Not relevant Not relevant 
Independent Independent 
Independent Independent 
Independent Independent 
Independent Independent 
Independent Independent 
Independent Independent 
Dependent Independent 
Indetemlinate Dependent 
Indetemlinate Dependent 
Human impact on fluvial systems in southern Africa takes two forms : direct and indirect. Direct 
impacts include the abstraction of water, gravel and sand, engineering structures such as 
impoundments, inter-basin water transfer schemes and canalisation. Indirect impacts occur through 
catchment land use and management practices which affect the delivery of sediment and water to the 
channel . It is expected that these impacts are likely to escalate given increased demands for water for 
domestic, industrial and agricultural use (Davies & Day, 1996) The need to protect and manage this 
important national resource has led to the development of the Reserve as a basic right under the 
South African National Water Act (1998) 
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The Reserve consists of two parts, the Ecological Resen)e and the Basic Hllmall Need, Reserve. The 
Ecological Reserve relates to the quality and quantity of water necessary to protect the sustainable 
functioning of aquatic ecosystems. At one level, the determination of the Reserve has been based on 
the Building Block Methodology (BBM) (cf King el al., 1993; King & Tharme, 1994; King & Louw, 
1998). Setting the Reserve culminates in determining the Instream Flow Requirement (IFR) for a 
river. The basis of IFRs are the calculation of the range of flows necessary to maintain a river 
ecosystem at a specified Ecological Management Class (EMC) The modified in-stream flow should 
be a skeleton of the original flow regime, encompassing a range of flow types that have specific 
ecological and geomorphic significance. 
The geomorphological contribution to the setting of IFRs has focussed on three groups of 
information requirements (Table 1.2) : the spatial and temporal availability of habitat, the maintenance 
of substratum characteristics, and the maintenance of channel form . The first information requirement 
is at a smaller scale of resolution, where the geomorphologist is involved in determining the 
relationship between flow type and habitat. Rowntree & Wadeson (1999) have developed the 
hydraulic biotype to account for this. The second information requirement is the maintenance of 
substratum characteristics. This involves firstly, the seasonal flushing of fine materials from the 
surface matrix of the gravel-bed, and secondly, the over-turning and transport of the coarse matrix 
itself(Rowntree, 2000). These types of flows have been termed ' environmental flows ' or ' sediment-
maintenance flushing flows ' elsewhere (Dollar, 2000) A review of these types of flows is provided 
in Chapter 3. The third information requirement is the maintenance of channel form, the ultimate 
determinant of the in-stream flow environment. This thesis will focus on the second and third 
information requirements; the maintenance of channel substratum characteristics and the maintenance 
of channel form . Given this context, the following aim and objectives are identified. 
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Table 1.2: A geomorphologicalframeworkfor the assessment of Instream Flow Requirements: 
problenL~ and information needs (after Rowntree & Wadeson, 1997). 
Problem 
Spatial and temporal 
nV17i1nhili~v nl hnhila1S: 
,\/ainrenance (?f channel 
slIhstratum 
charaCfer;st;cs: 
Seasonal flushing of 
substrate: 
Time scale 
Short·term « 1-5 years) 
Short-term « 1·5 years) 
Modification to substrate: Medium tenn (2-20 
years) 
.\ Ininrenonce (?f channel 
fimn : 
Spatial scale 
Hvdraulic biotype and 
morphological unit 
«I-10m') 
Morphological unit 
( 10 -100m') 
Channel plan and cross-
section adjustment: 
Long-tenn ( 10-100 years) Reach ( I 1l0m) 
Information needs 
Distribution of hydraulic 
bio~-pes : channel cross-
sections. substratum type. 
flood plain morphology 
Substratum particle size 
distribution. cross-section 
hydraulic geometcy. 
channel gradient. rate of 
sediment supply from 
upstream 
Channel cross-sections. 
gradients. bed and bank 
resistance. sediment 
supply. natural flow 
regime 
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1.5 Aim 
The overall aim is to determine the magnitude and frequency of channel forming discharge for 
selected southern African rivers . 
1.6 Objectives 
Ohjective I: To review the literature in order to assess the limitations of fluvial geomorphological 
knowledge in southern Africa. 
This objective is achieved through a comprehensive literature review presented in Chapter 2. The 
review reveals the limitations of current fluvial knowledge in southern Africa. While considerable 
progress has been made in understanding the geological evolution of southern African fluvial systems, 
little progress has been made with regard to present-day processes. 
O~jeclive 2: To use cross-sectional data. bed material class. hydrology. hydraulics and relevant bed 
material transport equations to assess the relationship between channel form and bed 
material transport to flow discharge for selected rivers . 
This objective is achieved through a field-based study in which three different river basins are 
analysed. The rivers are analysed in an attempt to create an understanding of the magnitude and 
frequency of channel forming discharge for selected southern African rivers . 
Ohjeclive 3: To determine the magnitude and frequency of channel forming discharge by 
determining the natural bankfull discharge with respect to channel form for selected 
nvers . 
To achieve this objective, channel cross-sections have been surveyed and related to hydrological data 
to explore the possible relationships between bankfull discharge, dominant discharge and effective 
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discharge. This has been done in order to determine whether there is a particular stage, morphological 
feature, or transport index to which environmental flows can be pinned. 
Objective.f: To develop a conceptual model of channel forming discharge for selected rivers. 
It is necessary to develop at least a conceptual understanding ofthe importance of different flows for 
South African fluvial systems. The outcome of the research is therefore to make a contribution 
towards a better understanding of the discharges that are of , significance ' or ' importance' in selected 
South African rivers . This is of particular relevance in South Africa, as the rivers tend to distinct in 
that they are often controlled or semi-controlled by bedrock, have steep gradients with irregular long 
profiles, are often supply-limited and are subject to a highly variable hydrological regime. 
Furthermore, little attention has been paid to these sorts of fluvial systems in the literature, and they 
are therefore poorly understood. Chapter 3 discusses these issues in more detail. 
1. 7 Selection of representative ril'ers 
To achieve the above objectives, three rivers in South Africa were selected for analysis. These were 
the Mkomazi River in KwaZulu-Natal , the Mhlathuze River in northern KwaZulu-Natal and the 
Olifants River in Mpumalanga. These will be discussed in detail in Chapter 5. Here, a short review 
will suffice. 
The Mkomazi River is a cobble-bed river with strong bed rock control and remains one of South 
Africa's least disturbed rivers . As yet, there are no impoundments along the course of the river, but 
this is due to change soon (Louw, 1998a). The Mkomazi provides an opportunity to study a relatively 
un-impacted system and therefore forms the main research component of the study. The Mhlathuze 
and Olifants Rivers on the other hand are highly regulated systems. The Mhlathuze River is a regime 
sand-bed channel which flows over Quaternary alluvium. In contrast, the Olifants River is a highly 
impacted cobble-bed river, with strong bed rock control. The rivers also formed part of an Ecological 
Reserve assessment (Louw, 1998b; Louw, 2000) These rivers therefore provided an opportunity to 
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test the methods developed for the un-impacted Mkomazi system on two regulated systems - the 
Mhlathuze and Olifants systems are therefore the application systems. 
1.8 Research outline 
1.11.1 Chapter I : Introdllction 
Chapter I presents a motivation for the research. the aim and objectives of the study. a summary of 
the approach used and the chapter outline. 
1.11.2 Chapter 2: SOllthem Africanflllvial systems 
Chapter 2 provides a discussion on the present state of knowledge of southern African fluvial systems. 
It is argued that while palaeofluvial geomorphology has made important strides in reconstructing past 
fluvial forms and processes. modem channel process studies are limited and fragmentary . 
UU Chapter 3: Magnitllde andfreqllency of channelforminf( discharf(e 
Chapter 3 outlines the major conceptual issues surrounding the magnitude and frequency of channel 
forming discharge . The discussion makes the point that in order for geomorphologists to provide 
useful information for managing fluvial systems. information requirements on the magnitude and 
frequency offlows and their impact on channel form. process and bed material transport must be met. 
1.11.-1 Chapter -I : Geomorpholof(ical approaches to hed materialtrampo,., 
Chapter 4 presents a discussion on the problems of bed material transport . Chapter 4 also provides 
the context within which the bed material transport equations used in this thesis were applied . 
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1.8.5 Chapter 5: The stlldy area and research desif(ll 
Chapter 5 provides an overview of the three rivers that were considered for this thesis. Information 
is presented on their general characteristics, geology, sediment yield and so on. Also provided are 
details regarding the impoundments on the Mhlathuze and Olifants Rivers . The research design is 
presented in this chapter. 
UI. (, Chapter (,: HydroloK}' 
Chapter 6 describes the methods and techniques used to generate daily flow data for each of the sites 
for the three rivers. Also presented are historical flood data. 
Ui. 7 Chapter 7: Cross-sectional data. hed material and hydralllics 
Chapter 7 presents the methods and techniques used to generate the cross-sectional data, bed material 
data and hydraulic computations for the three rivers. These were used to provide input to chapters 
8, 9 and 10 where the bed material transport data and sediment-maintenance flushing flow methods 
and results are presented . 
l . fiJi Chapter 8: Red material tram port and sediment-maintellallceflllshillgflow method,' 
Chapter 8 discusses the methods and techniques used to generate the bed material transport data . It 
also presents information on the methods used to generate the dominant discharge, effective discharge 
and sediment-maintenance flushing flows. 
1.8. 9 Chapter 9: Reslllts alld discllssioll - the Mkomazi River 
Chapter 9 presents the results and discussion on the relationship between morphological features and 
the dominant and effective discharge for the un-impacted Mkomazi River. Also presented are the 
results from the sediment-maintenance flushing flow analysis. 
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1.8. 10 Chapter 10: Results alld discussioll - the Mhlathuze alld Olifallts Rivers 
Chapter 10 applies the techniques developed for the Mkomazi River to the regulated Mhlathuze and 
Olifants Rivers. It is demonstrated in this chapter that these techniques provide a useful mechanism 
for identifying the impacts oftlow regulation and in setting In stream Flow Requirements (lFRs) 
1.8. 11 Chapler II : Discussioll. sylllhesis alld cOllclusiolls 
Chapter I I provides the discussion, synthesis and conclusions for the thesis. It discusses the results 
in the light of the research objectives set in Chapter I . Also presented is a discussion on the 
implications of the findings of this thesis for river management in southern Africa Recommendations 
for future research are presented. 
Chapter 2: Southern African Fluvial Systems 
2.1 Introduction 
Research into southern African fluvial geomorphology has a long history (Dollar, 1998a). The 
environment, landscape and fluvial systems have played a central role in people ' s lives in southern 
Africa for thousands of years . However, it is only within the last hundred years that the scientific 
study of the environment, landscape and fluvial systems has evolved. This chapter will focus on 
fluvial research work in southern Africa in order to elucidate current knowledge in the sub-region 
and to identify potential areas of weakness . This is done to place the current research into a 
regional context. 
The chapter is divided into three sections. The first section will consider ancient southern African 
fluvial systems (for a full discussion, see Dollar, 1998a) The second section will consider modem 
southern African fluvial systems, while the third section will provide an overview of the main 
characteristics of southern African fluvial systems. 
2.2 Ancient southern AJricanJTuvial systems 
Modem southern African fluvial systems owe their development to the geological template, 
Jurassic rifting of Gondwana and subsequent creation of new base-levels for erosion . There is an 
extensive literature dealing with pre-Gondwana fluvial systems. Details regarding ancient fluvial 
systems have been uncovered through deep mining operations. A good example of this is the Early 
Archaean (2885 Ma BP) Ventersdorp Contact Reef (VCR) which is a sedimentary layer that 
occurs at the base of the Ventersdorp lavas which rest on the Witwatersrand Supergroup (de 
Kock, 1941) . The fossil river has been mined for gold since 1888 (de Kock, 1941 ; Chunnet, 
1994). This ancient fluvial system shows evidence of successive terraces, cuesta ridges, theatre 
headed valleys, trellis drainage, strath terraces, wash terraces and concave bed rock ridges (cf. 
Krapez, 1985; Hall, 1994; Henning er al., 1994; MacWha, 1994; Viljoen & Reimold, 1994) . The 
sedimentary rocks of the Karoo Supergroup have also been extensively studied; these are best 
exposed in the Karoo basin. The basin fill consists of up to 9 000 metres of clastic sediments and 
lavas. The ages of these sediments range from around 300 Ma B.P. to c. 190 Ma B.P. The 
depositional environments are well documented (cf. LeBlanc-Smith & Eriksson, 1979; Eriksson, 
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1986; Visser; 1989; Smith, 1995; Smith el aI., 1997) 
An in-depth review of the post-rifting landscape and the associated fluvial landforms has been 
admirably achieved by other authors (cf King, 1963; Fair, 1978; Partridge & Maud, 1987; Dardis 
el al., 1988; De Wit, 1993; Hattingh, 1996; Maud, 1996) Here, a short review will suffice. 
In southern Afiica long periods of tectonic stability (African, Post-African I and Post African II 
erosion surfaces) have been interspersed with periods of tectonic uplift (Miocene and Pliocene) 
along clearly defined axes that have influenced the macro-level functioning of southern Afiican 
rivers (Figure 2.1) The main denudational period was initiated shortly after the rifting of 
Gondwana (c. 180 Ma) and extended to the Late Cretaceous. Major sedimentation peaks in the 
Eocene, Miocene and Pliocene relate to these periods of maximum relief Imprinted on these 
tectonic phases have been the impact of climatic change with associated periods of wetness and 
dryness and concomitant changes in vegetation cover, runoff, erosion, weathering rates and 
environmental change (Dollar & Goudie, 2000). After an extensive period of planation, the 
African erosion surface developed with flat meandering rivers dominating the southern African 
landscape (Partridge & Maud, 1987). Two periods of axial uplift in the Miocene and Pliocene 
rejuvenated many southern AtTican rivers, hence the incised nature of many coastal rivers (Figure 
2.1). The fluvial geomorphology of southern African must be seen within the context of these 
(polycyclic) macro-processes. 
A general trend that emerges from the literature is to ascribe older (usually Mid to Early 
Pleistocene and older) fluvial changes to tectonic activity and more recent (usually Late 
Pleistocene to Holocene) fluvial changes to climatic oscillations. Worldwide advances in the study 
of the Quaternary glacial/interglacials leaves little doubt that climatic change has played a 
significant part in the evolution of fluvial systems worldwide and also in southern Africa (Maud 
& Partridge, 1988). Reviews of Late Pleistocene climate change in southern Africa by Partridge 
el al. (1990) and Tyson & Lindesay (1992) present clear evidence for climatic change. The 
impacts of climate change on landforms have been discussed elsewhere at length (cf Maud & 
Partridge, 1988; Partridge, 1988; 1990) It is the contention of the author that the impact of these 
changes in climate has not been fully appreciated by the fluvial geomorphology community in 
southern Africa, notably those considering modern fluvial processes and landforms. 
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Figure 2.1: Fluviul systems of south ern Africa (after Dollar, 19980). 
2.2.1 Palae()f1ood hydrolof!:}' 
Of relevance to this study is the field of palaeoflood hydrology (PFH) Although this technique 
has been applied internationally since the 1970s (cf Baker, 1973), limited attention has been given 
to the technique in southern Africa (Helgren, 1979; Turner. 1980). The basis of PFH is that 
certain empirical relationships can be defined between hydraulic and geomorphic variables and 
channel characteristics. By these means palaeo hydraulic conditions can be reconstructed with 
relative estimates of palaeo discharge, palaeo velocity, palaeogeometry and palaeoform being made 
within certain confidence limits of the regression line. 
Zawada el al. (1996) and Zawada (1996; 1997) provide comprehensive reviews of the techniques, 
methods, potential application and limitations of PFH. Zawada ( 1997) makes a strong case for 
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the use of PFH to augment the somewhat limited flood record in southern Africa . PFH can 
provide magnitude and frequency data for floods of variable time scales ranging from lOs to 
1000s of years, it augments the flood record and it makes prediction more accurate. Zawada 
(1994) made the point that the Laingsburg flood of 1981 , which was the largest recorded flood 
(5680 m's-l) in the Buffels River for the period of record, could be calculated as a 1 in 10 000-
year flood using a log-Pearson distribution or a 1 in 100-400 year flood using a log-normal 
distribution. Using this as an example, Zawada ( 1994) points out that the variable predicted return 
periods using conventional flood-frequency techniques are unreli able, especially for high-
magnitude floods, and that PFH provides a useful alternative to extend the record for flood 
frequency analysis (cf Smith & Zawada 1990; Smith, 1992a; 1992b). 
Zawada ef al. (1996) provide evidence to show that the Orange River has experienced thirteen 
major floods with discharges in the range of 10 200 m-'s-l to 14 660 m-'s-l in the last 500 years, 
whereas the largest gauged flood in the Orange on record is 8 330 m-'s-' at Vioolsdrift in 1974. 
Similarly, slack-water sediments indicate that a flood of 28 000 m-'s-' occurred in the Late 
Holocene in the Mfolozi River, nearly twice the size of the largest recorded flood of 16 000 m's-' 
in 1984. Clearly, PFH provides a significant source of information (Boshof ef aI. , 1993). Zawada 
ef af. (1996) were able to show that the Orange could be divided into four palaeoflood periods 
(Table 2.1). They argue that there is a clear relationship between flood magnitude and climate 
change (cf Partridge ef aI. , 1990; Tyson & Lindesay, 1992) and that there has been a gradual 
warming since the end of the Little Ice Age (A.D. 1850) . 
Tahle 2.1: Flood-magnitudesfor the Orange River for the last 5(}(}(}years (after Zawada et aI., 1996). 
Period Number 
2 
, 
-, 
4 
Approximate Date 
5450 B.P. - ISOO BP 
96 1 A.D. - 1332 A.D. 
1453 A.D. - I78S A.D . 
I7RS A.D. to present 
Flood Magnitude 
No flood exceeded 12 800 m1s·' 
No flood exceeded 14700 m's-' 
No flood exceeded 28 000 m-'s-' 
No flood exceeded 9 500 m-'s-' 
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2.2.2 Palaeosedimelll yield~ 
A change in climate, drainage pattern or orientation will result in a change in the sediment yield 
of a river. It is therefore appropriate to provide a brief discussion on palaeosediment yields for 
southern African rivers. Table 2.2 presents evidence of a variable but overall declining rate of 
sediment yield in the Orange River. Dingle & Hendey (1984) suggest that declining sedimentation 
off the West Coast depocentres can be accounted for by increasing aridity associated with the 
upwelling of the Benguela Current in the Upper Miocene (Siesser, 1978). Modem values for the 
Orange's sediment load are 6.5 x I O"m' per annum but are thought to have been declining since 
the 1930s (Rooseboom, 1978). 
TaMe 2.2: Sediment yield lor the Orange River since the Late Cretaceous (after Dingle & Hende.v, 
1984 and Roosehoom, 1978). 
Period 
Late Cretaceous 
Palaeogene 
Neogene 
Present 
Drainage A rea 
(IO'km'> 
969 
517 
969 
969 
Mean Annual Sediment Yield 
(10. mJ> 
10 
2.0 
0.3 
6.S 
Martin (1987) has compared modern sediment yields from KwaZulu-Natal rivers to palaeoyields 
from the Natal Valley in the Indian Ocean. Using seismic profiles he determined that average 
modern rates of sediment yield (322 t km'yr') are 12-22 times higher than the geological average 
(14-27 t km' yr') . [t is tempting to explain this higher modem yield as anthropogenically induced, 
but Davies ef al. (1977) have pointed out that sediment yields have varied by a factor of as much 
as fifteen between glacial and interglacial periods. Rates for the last 3 Ma are for example, twice 
as high as for the previous era of rapid sedimentation. The question is to what extent are the large 
increases in modem fluvial sediment yields anthropogenically forced, or do high modern yields 
form part of a natural fluctuation (cf Murgatroyd, 1979) Bremner ef al. (1991) indicated that the 
sediment yield from the 1988 Orange River floods [Swart et al. (1990) reported that the 1988 
flood reached a peak of around 8500 m"s" j were not nearly as impressive as the runoff values . 
They suggested that the modest discharges of sediment were related to limited sediment supply 
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to the channel. 
liIenberger (1992 ; 1993) suggests that for selected Eastern Cape rivers (Krom, Gamtoos, Van 
Stadens, Swartkops, Great Fish and Great Kei) modern sediment yields are eight times higher than 
the geological average of 12 t km'yr' , but that considerable variation in the geological rates also 
exist . High modern yields are attributed to poor catchment management practices. Milliman & 
Meade (1983), however, make the point that today's river sediment yields should not simply be 
extrapolated backwards in time, as present-day climates and erosional regimes do not resemble 
even those of a few thousand years ago. 
What is clear from the above review is that the present-day fluvial regime is a recent one. The 
evidence presented suggests that a variable hydrological and sediment regime has occurred since 
the fragmentation of Gondwana. This has significant implications for our understanding of the 
functioning of modern fluvial systems as the past has left its imprint on modern channel. In order 
for southern African fluvial systems to be adequately understood, a broader temporal context is 
required. Untested assumptions about human-induced channel changes should therefore be 
avoided. Given this context, the following section deals with the current state of knowledge of 
modern southern African fluvial systems. 
2.3 Modern southern African fluvial systenL~ 
2.3.1 IlIlrodllcti(J/1 
The previous section emphasised that southern African fluvial systems have undergone 
considerable changes due to tectonic and climatic influences. This section will review the current 
state of knowledge of modern southern African fluvial systems. While the field of fluvial 
geomorphology is well established in the Northern Hemisphere, knowledge of the physical 
functioning and processes operating in southern African fluvial systems is still fragmentary. It is 
only in the last ten years that a concerted effort has been made to elucidate modern channel 
processes. Ironically, this has been motivated not by knowledge for its own sake, but by ecology 
(cf Pitman & Pullen, 1989; van Wyk, 1989; Looser, 1989; Bruwer & Ashton, 1989; Palmer & 
O'Keeffe, 1985 ; 1990; Davies, 1989; Vogt & Moon, 1989) . Prior to the 1990s, comments on 
r 
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modem fluvial systems were only made in passing, usually with reference to catchment condition, 
or flooding (cf Gevers, 1948; Weiss & Midgley, 1976; Wilson & Dincer, 1976; Alexander, 1979; 
Beckedahl & Moon, 1980; Beaumont, 1981; Garbharran, 1983 ; Dix, 1984; Perry, 1985; van 
Heerden & Swart, 1986). 
2.3.2 Channel process stlldies 
The first systematic study ofa modem fluvial system in southern Africa was that of the Okavango 
Delta in Northern Botswana. McCarthy e/ al. (1986; 1987; 1988) were able to show that active 
channel migration in the Delta was the result of sediment accumulation in the channels, leading 
to channel aggradation, a reduction in hydraulic gradient and ultimately avulsion . Rates of 
accretion of up to 50 mm per annum were noted. Channels of the Okavango are thought to be 
inherently unstable, but these dynamic changes are necessary for the even distribution of sediment 
through the delta . Channel changes have been occurring throughout geological time, and may also 
be related to tectonics and changing climatic conditions (cf. Cooke, 1976; Shaw, 1984). 
Recent evidence from the Okavango Delta stresses the significant role that vegetation plays in the 
geomorphic functioning of the system (cf. Ellery, 1988; Ellery et aI., 1990; 1993; van Coller el 
al. , 1997) . Channel margin vegetation assemblages are related to, and impact on, sediment 
deposition and long-term and seasonal water levels . Erosion-resistant vegetated banks retard 
water velocities, so that all the sediment introduced into the system is retained. This results in 
channel aggradation, vegetation establishment and subsequent avulsion (McCarthy et al .. 1992). 
Channel switching is thought to relate to a two phase process of erosion and deposition. Channels 
that receive their water via seepage and overspill are erosion dominated channels, while channels 
that receive their water from a direct source (ie an active channel) are deposition dominated 
channels. Once critical thresholds have been attained, channel switching takes place. It is clear that 
channel avulsion forms part of the natural process of sediment distribution within the Okavango 
Delta, and that a dynamic relationship exists between discharge, sediment load and riparian and 
in-stream channel vegetation. McCarthy et al. (1991) argue that channel switching indicates that 
the present channels are attempting to attain an equilibrium condition and that the initial 
disequilibrium was probably caused by fault movements on the northwestern side of the graben . 
Without the constant channel switching within the Okavango Delta and the dynamic relationship 
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between the water, sediment and vegetation, the Okavango system would probably become 
stagnant and moribund (McCarthy, 1992). 
A systematic study of channel change in the Bell River in the North Eastern Cape was undertaken 
by Dollar (1992) . He found that change in the fonn of channel straightening from a meandering 
to a braided channel (as evidenced by a series of recent meander cutoffs) could be accounted for 
by increased sediment production to the channel as a result of poor catchment management 
practices. Triggering mechanisms were argued to be major flow events following periods of 
extended dryness. This sequence of wet and dry cycles of approximately 18-years was thought 
to be comparable to Flood Dominated Regimes (FDRs) and Drought Dominated Regimes (DDRs) 
in Australia (cf Warner, 1987). This issue is explored further in Section 3.8. Dollar & Rowntree 
(1995) pointed out that catchment and channel processes were clearly linked and that any 
disturbance in the catchment would have a concomitant impact on the channel. Rowntree (1991) 
and Rowntree & Dollar (1996a) also mention the significance of riparian vegetation in maintaining 
channel stability. Alien woody vegetation on the channel banks may stabilize the banks at low and 
intennediate flows , whereas at high flows they may aid the process of channel avulsion. 
Spatial and temporal changes in the rivers of the Kruger National Park (KNP) have been widely 
investigated (cf Venter & Bristow, 1986; Vogt & Moon, 1989; Chunnet et af .. 1990; Venter, 
1991 ; Vogt, 1992; Cheshire, 1994; Heritage ef af., 1995) Vogt (1992) was able to show that the 
Sabie River has experienced a number of channel planform changes between the 1940s and the 
1980s and that these changes could be related to rainfall periodicities in the catchment as well as 
changing rates of channel sedimentation and scour. By contrast sediment transport rates were 
thought to be controlled by antecedent catchment and channel conditions such as drought 
(Heritage & van Niekerk, 1994; Birkhead et aI., 1996). Channel vegetation was considered a 
major control on channel form Vegetation density was shown to have increased progressively 
since the 1940s. Later, Heritage ef af. (1995) made the point that sedimentation patterns 
(deposition and scour) in the Sabie River could be related to the 18-year rainfall periodicity in the 
summer rainfall region (linked to EI Nino) which was translated to the flow pattern. Channel 
change was thought to be related to increased sedimentation in the channel as evidenced by 
catchment degradation. 
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2.3.3 Channe/forming discharge 
Conventional wisdom for alluvial channels is that moderate flow events with a return period of 
I to 2 years are responsible for the maintenance of channel form (cf Wolman & Miller, 1960; 
Richards, 1982). Although southern African has an extensive literature on flooding, flood 
magnitude and flood frequency estimation (cf Alexander, 1976; Kovacs, 1980; 1985; 1988; 
Kovacs et aI., 1985; Begg, 1988; Zawada, 1991), little attention has been paid to determining the 
magnitude and frequency of flow events responsible for channel form . It is clear that semi-arid 
rivers exhibit a markedly different flow regime to temperate systems (cf Baker, \ 977) and that 
the conventional \ to 2 year channel forming discharge of temperate alluvial channels should not 
be applied universally to southern African rivers (Newson, \996) This theme is expanded on in 
Chapter 3. 
An extensive literature search revealed that other than work by Heritage et al. (\995) and 
Wades on (\989), no work on channel forming discharge has thus far been attempted in southern 
Africa . Heritage et at. (1995) have shown that the macro-channel of the Sabie River is inundated 
once every 20 years They suggested that the concept of bankfull discharge as applied to semi-arid 
rivers may be erroneous. The Sabie River is probably in a state of disequilibrium and hence the 
river may not have had time to adjust its morphology to the current flow regime 
2.3. -I Present-day sedimelll yield 
Although Du Toit had mentioned the problem of si ltation of South African reservoirs as early as 
1910 (Du Toit, 1910), limited data is available on modern sediment yield for southern African 
rivers . Du Toit (1910) ascribed siltation to a combination of high natural levels of sediment load 
as well as poor agricultural practices. Van Warmelo (1922a; 1922b; 1922c); Mason (1924) and 
Lewis (1936) mention the problem of reservoir siltation in the Vaal and Orange Rivers, while 
Warren (1922, pA2) suggested that " . this evil is becoming so pronounced that it would appear 
that some form oflegislation will have to be introduced". Early workers thus recognized the link 
between reservoir sedimentation and poor agricultural practices (cf. Roberts, 1952) 
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Rooseboom (1978) has shown that the annual sediment yield from South African rivers is between 
100 and 150 x I O"tons per annum, but that this figure is declining. Rooseboom & Harmse (1979) 
indicated that between 1929 and 1969 the average load of the Orange River decreased by more 
than 50%, while flow reductions during the same period remained insignificant. They argue that 
these reductions cannot be ascribed to land use, reduction in flows or sediment capture by 
impoundments but (p.463)" .. should be attributed to progressive change in extant material rather 
than land use ." 
Le Roux (1990) was able to show that the present-day rate of erosion in South Africa (as a 
whole) was at least two to three times the rate of replacement by weathering. Rooseboom et al. 
(1992) argue that (p .2.9) " .. . sediment concentrations and loads in rivers are determined by the 
availability of sediments rather than by the carrying capacities of the flows" . Rooseboom (1992) 
concludes (pAl) u . . . after more than 20 years involvement with sediment load data for southern 
African rivers, the main impression which remains is the variability thereof' . It is clear that there 
is extreme variability in the daily, annual and seasonal sediment yields of southern African rivers 
and that it is risky to draw simple conclusions from limited records . Very little knowledge exists 
on the impact of ' sediment pulses' through southern African rivers. To the best knowledge of the 
author, there are no measured bed load data available for southern African rivers . Bed material 
is significant, as channel pattern and form has long been associated with bed load and calibre (cf 
Schumm, 1977; Church el aI. , 1987; Ferguson, 1987) This lack of information serves as a major 
gap in the understanding of the functioning of modern southern African fluvial systems. 
2.3.5 Flow re"lIlalioll alld challllel processes 
The late 1980s and early 1990s saw a growing recognition in southern Africa of the impact of 
engineering structures on fluvial systems. These related specifically to channel impoundments and 
inter-basin transfer schemes (IBTs) Initially the focus of research on these regulated rivers was 
ecological. However, it became clear to ecologists that the physical template for habitats was 
determined by the flow, channel substrate and banks of the river - the realm of the fluvial 
geomorphologist. Geomorphologists were increasingly being called on to aid in the process of 
river conservation and management. 
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Early work on the geomorphological effects of regulated rivers was undertaken by Dollar (1990) 
who showed that the building ofthe [sandile Dam on the Keiskamma River attenuated flood peaks 
resulting in the build-up of tributary bars at channel junctions and general sedimentation problems 
immediately downstream of the dam. Work by McGregor (1999) has confirmed this finding. The 
impact of introducing water from the Wriggleswade Dam to the Nahoon River in the Eastern 
Cape was shown to have a significant scouring impact on the upper reaches of the receiving 
channel (Hughes, 1994). Du Plessis (2000) has shown how the Skoenmakers River in the semi-
arid Karoo region, which is used as a conduit for water transferred from the Orange-Fish-Sundays 
River lET, has altered its channel morphology and riparian vegetation structure in response to the 
imposed flow regime. Other than these four studies, no other published information is available 
on the impact offlow regulation on channel processes in southern Africa. 
2.3.6 River c/ass!ficalioll alld challllel processes 
Two major bodies of work on river classification have emerged out of the southern African 
literature since the early 1990s (Figure 2.2) . Both systems were borne out of the requirements of 
ecologists for a physical desription for aquatic ecosystem management. The first is the hierarchical 
classification system ofRowntree & Wadeson (1997), the second is the classification system of 
van Niekerk el af. (1995) . These have been extensively reported on elsewhere (cf van Coller, 
1993: van Niekerk & Heritage, 1993 : Wadeson & Rowntree, 1994: Wadeson, 1994: 1995: van 
Coller eI af. , 1995: van Niekerk el af. , 1995: Rowntree & Wadeson, 1996: 1997: 1999: Heritage 
el af. , 1997) . Here a short review will suffice 
Rowntree & Wadeson (1997) stress the need for a stream classification system that can provide 
a scale-based link between the channel and the catchment, and that will allow a structural 
description of the spatial variation in stream habitat. The idea of classification assumes that 
distinct boundaries can be defined for fluvial systems, and that these boundaries can be isolated 
by means of a set of discrete variables . Wadeson & Rowntree (1994) modified the stream 
classification system of Frissel el af. (1986) . Their classification system can be regarded as a 
cascading system, in which each level provides input into the lower one. The system therefore 
allows a link between the catchment and channel (Figure 2.2) 
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Rowntree & Wadeson, 1993 van Niekerk et at, 1995 
CATCHMENT 
CATCHMENT f----------------
RIVER SYSTEM 
~-------r----------I 
ZONE 
~------......t__-----,-~ 
SEGMENT ZONE 
~------......t__------~ 
MACRO-REACH 
f----------------
REACH REACH 
f----------------
CHANNEL TYPE 
~------_4_-------
MORPHOLOGICAL UNIT MORPHOLOGICAL UNIT 
Figure 2.2 Hierarchical classification .~y.~tenL~ of Rowntree & Wadeson (1997) amlmn 
Niekerk et al. (1995). 
The second major attempt at river classification was dev.eloped by van Niekerk ef al. (J 995). 
Working contemporaneously with Rowntree and Wades on. they produced a bottom-up 
hierarchical classification system based on an extensive study of the rivers of the KNP . Van 
Niekerk & Heritage ( 1993) focussed on the Sabie River drawing on earlier work by Vogt (J 992), 
Venter ( 1991) and Chunnet ill at. (1990) . The Sabie River consists of a macro-channel extending 
across the width of an incised valley. cut into the macro-channel are one or more active channels 
(see Figure 2.3) . The acti ve channels are determined by normal flow conditions (i .e non-flood 
conditions) while the macro-channel is controlled by high magnitude. low frequency events. 
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Van Niekerk & Heritage (1993) point out that the geomorphology of the Sabie system reflects 
the response of the system to a highly variable water and sediment discharge superimposed on a 
macro-channel controlled by the underlying geology. The implicit assumption is that there are 
various spatial and temporal levels at which fluvial systems operate, and that these can be 
'separated-out' into distinct temporal scales. They suggest that rigid sub-division ofrivers using 
some pre-determined classification system may result in important fluvial processes being ignored. 
They argue that for a full understanding of the dynamic interrelationships of fluvial systems, a 
classification system should be built from the bottom-up . In this way, implicit assumptions about 
the river are not imposed from the top and made to fit a rigid classification system. 
Moon ef al. (1997) were able to show that this approach to stream classification resulted in the 
ability to predict morphological change in the Sabie River, as well as to identifY which channel 
types were likely to undergo habitat changes with altered discharge and sediment loads. They also 
suggest that this approach should be able to predict the direction of longer-term change which 
may become ecologically significant. 
2.4 Oven,jelV o.fsouthern African fTu vial system~ 
It is useful at this point to provide an overview of the main characteristics of southern African 
fluvial systems. As mentioned previously, the rivers of southern African reflect the tectonic and 
climatic history of the region since the breakup of Gondwana some 180 million years ago. This, 
together with a variable climate, has created the template within which modern southern African 
fluvial systems function . Tectonic uplift during the Miocene and Pliocene have rejuvenated many 
of the eastern sea-board rivers which drain the escarpment . Consequently many of these rivers are 
incised onto bed rock and have steep and often irregular long profiles. These irregular long 
profiles consist of sections that are morphologically uniform, these have been termed macro-
reaches (Rowntree, 2000). Macro-reach breaks are usually due to changes in lithology, but can 
also be the result of Miocene and Pliocene tectonic activity. This situation has disrupted the classic 
downstream gradation bed material sequence of boulder to cobble to gravel and ultimately to 
sand. Consequently, sand-bed channels in the lower reaches may often be replaced by bed rock, 
boulder or cobble. 
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Many rivers draining the eastern sea-board of South African display complex cross-sections. An 
active channel which is formed within a larger macro-channel bordered by high terraces commonly 
occurs (Figure 23) The macro-channel has been described in a number of publications (cf van 
Niekerk el aI. , 1995; Rowntree& Wadeson, 1999). Macro-channels develop as a resul\ of incision 
by the active channel into former terraces that mark the outer boundary of all but the most 
extreme !lood !lows. The active channel is the channel which by definition is inundated most 
frequently and is geomorphologically the most active (Rowntree & Wadeson, 1999) Within the 
active channel a distinct in-channel bench commonly occurs. There is often no clear !lood plain. 
It is suggested that this channel architecture is a response to the geological template and the 
variable hydrological regime. This issue will be explored later in the thesis. 
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Figure 2.3: Diagrammatic representation oJthe macro-channel, active channel, henches, estimated 
hankfull discharge and terraces 
As mentioned earlier, present-day southern African flu vial systems display a highly variable 
hydrological regime. Walling (1996) has shown that the rivers of southern Africa have the highest 
coefticient of variation of mean annual runoff, the highest average storage requirement for flow 
regulation, the highest average annual flood variability and the highest extreme flood index 
[defined as the standard deviat ion of the logarithms of the annual peak discharge (Figure 2.4)]. 
Gbrgens & Hughes (1982) have shown that the average inter-annual variability of runoff in South 
African fluvial systems is extremely high . The coefficient of variation (CY) of annual runoff is 
around I. 13, which is higher than the CY for Australian rivers ofO. 7 (cf McMahon el al., 1992; 
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McMahon & Finlayson, 1995; Brizga & Finlayson, 2000) and considerably higher than the world 
average of between 0.25 and 0.4. Furthermore, the 18-year periodicity in rainfall characteristic 
of much of the eastern half of the country is translated to the flow regime, resulting in highly 
variable short- and medium-term flow regimes. 
It is clear from the above discussion that southern African fluvial systems differ from alluvial 
systems in temperate climes from whence much of the conventional wisdom in fluvial 
geomorphology has been developed. [Recently, however, work from the dryland areas in the 
United States (cf Graf, 1988) and a focus on bed rock systems (cf Tinkler & Wohl, 1998) has 
gone some way to balance this perspective). Fluvial form is a function of the geological template, 
channel boundary resistance, climatic inheritance, vegetation and observed discharge of water and 
sediment. It is inconceivable that all fluvial systems will therefore conform to conventional theory 
derived from a particular region Consequently, there is an urgent need to develop appropriate 
local knowledge. 
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Figure 2.4: A comparison of the runoff characteristics of rivers of southern Africa with those of other 
continents (after Walling. /996). Where a) C,. is the ratio of the standard deviation and the mean. b) 
-ria is the storage for a conMant draughts at 8()% of the mean annual flow with a variability 
of 95% ex:pressed as a ratio of the mean annual flood, c) q., is the 2.33 year return period 
flood, d) I" i,~ the standard deviation of the logarithms of the annual peak di.~charge, e) q w/q 
is the ratio between the / ()() year flood and the mean annual flomL 
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2. 5 Discus.~ion and conclusion 
The review has highlighted two important points. Fifst. while the study of palaeofluvial 
geomorphology in southern Africa is well documented. modern fluvial process studies are limited, 
and the understanding of modern fluvial systems is fragmentary. In terms of the focus of this 
thesis, there is a paucity of information regarding the magnitude and frequency of channel forming 
discharge and bed material transport in southern African rivers. This is of concern, as effective 
river management requires information in this regard . Second, southern African fluvial systems 
differ fundamentally from temperate alluvial systems. If effective river management is to occur, 
there is a need to develop appropriate local knowledge. This thesis attempts to contribute to that 
local knowledge in southern Africa. 
Chapter 3: Magnitude and Frequency of 
Channel Forming Discharge 
3. I Introduction 
Three sets of information are necessary in providing a geomorphological assessment for in-stream 
flow requirements (Rowntree & Wadeson. 1997). These are the flows that maintain the spatial and 
temporal availability of habitat ; the substratum characteristics; and the channel form . Rowntree & 
Wadeson (1997) have suggested the use of the hydraulic biotype to provide the information 
requirements for the maintenance o(aquatic habitat. The latter two information requirements (the 
maintenance of substratum characteristics and the maintenance of channel form) are fundamentally 
linked to the magnitude-frequency debate . The aim of this chapter is to provide a theoretical 
framework within which the flows necessary for the maintenance of channel form can be appraised. 
The chapter is divided into two sections. the first section considers the magnitude-frequency debate, 
while the second section reviews environmental flows with specific reference to sediment-
maintenance flushing flows. 
3.2 The origins of the magnitude-frequency debate 
The origins of the magnitude-frequency debate dates back to the late 1800s when British hydraulic 
engineers attempted to develop stable irrigation canals in India. They noted that canals could adjust 
their boundaries until a stable configuration was attained (the regime channel). and that the geometry 
of the channel was related to its discharge of sediment and water (Kennedy. 1895; Lacey, 1930) . The 
equations that were developed became known as regime equations (Nixon, 1959; Ackers, 1972; 
Osterkamp & Hedman, 1977). Later, regime equations were related to ' natural channels'. The 
thinking behind this was that. in principle, the morphology and dynamics of rivers should be explicable 
in terms of the laws of physics. 
~ 
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This line of thought was later to emerge in the magnitude-frequency debate . This debate, as 
mentioned in Chapter I, centred on the assumption that in alluvial systems, channel form (and/or 
morphological features) can be related to a specific magnitude (discharge) and frequency (return 
period or duration) of flow (cf Leopold & Maddock, 1953; Blench, 1957; Lane, 1957; Leopold & 
Wolman, 1957; Dury, 1959; Dury el aI., 1963; Leopold el aI. , 1964; Woodyer, 1968; Osterkamp el 
aI., 1983) Early researchers sought a physical expression of this flow. Initially, it was argued that the 
flood plain, shape and pattern of the channel are related to the bankfull condition - the stage at which 
overtopping onto the flood plain occurs. The literature came to equate the bankfull discharge with 
dominant discharge and effective discharge (cf Ackers & Charlton, 1970; Gregory, 1976; Pickup & 
Warner, 1976) These three discharges will be discussed in turn. 
3.3 Dominant discharge 
By the 1970s, the term ' dominant discharge' had become firmly entrenched in fluvial geomorphology 
and hydraulic engineering literature (cf Neill, 1968; Bray, 1975; Gill , 1965) The term 'dominant 
discharge' was introduced by Inglis (1941) as a discharge and gradient to which a channel returns 
annually. At this discharge, equilibrium is most closely approached and the tendency to change is 
least. This was regarded as a constant flow rate that would produce the same channel morphology 
as a sequence of naturally varying flows . Thus dominant discharge was defined by its product. 
There are a number of problems with the dominant discharge concept. Pickup & Rieger (1979) argue, 
as does Kennedy (1972), that to assign a single dominant discharge to a channel is an 
oversimplification, for to accept the idea of a 'dominant discharge' is to imply that the river is in 
regime (equilibrium) They argue that instead ofa single channel forming discharge, a channel is much 
more likely to be adjusted to a whole range of flows as well as to the sequential nature of the flows . 
Prins & de Vries (1971) suggest that a distinction must be made between dominant discharge as a 
concept and the determination of dominant discharge. It is clear that the simplified regime can never 
replace the real regime as far as the reproduction of the morphological characteristics of a river are 
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concerned (Prins & de Vries, 1971). Furthermore, they point out that there could be a number of 
dominant discharges each related to a different channel characteristic, for example the steady flow that 
would yield an observed meander length . Thus the accepted notion of dominant discharge is for a 
particular channel morphology, despite the fact that the channel morphology is made-up of a 
collection of channel properties. Each of these properties will have their own response to the 
variability of flow and therefore their own dominant discharge. The concept of dominant discharge 
can only hold true if each one of the channel properties responds similarly to the variability of flow, 
i.e. the dominant discharge for each of the properties of the channel is the same. 
A further problem with the dominant discharge concept is that dominant discharge is not a property 
of the flow sequence itself, but a property of the response that the flow sequence generates in a 
particular channel characteristic - the same channel characteristic that defines the dominant discharge 
in the first place. Dominant discharge thus refers to a conceptual parameter without a unique 
statistical or physical interpretation. 
Marlette & Walker (1968) developed a computational method for defining dominant di scharge. To 
avoid confusion, this thesis adopts the term dominant discharge when referring specifically to Marlette 
& Walker' s (1968) computational method rather than when referring to the broader conceptualisation 
of dominant discharge. Marlette & Walker (1968) argued that if the bed sediment transport was the 
dominant factor in determining the channel size and shape, then a channel designed to carry the 
dominant discharge (see Equation 3.1) would be the most stable configuration. The Netherlands 
Engineering Development Consultants (NEDCO)(Prins & De Vries, 1971) adopted Marlette and 
Walker' s (1968) approach and developed a method for determining dominant discharge using bed 
load discharge, flow duration data and the stage-discharge curve. The concept was that the dominant 
water level is that water stage above which half the bed sediment transport takes place - this was 
termed the bed-boundary level. A three step computational system was used. First, the monthly river 
flows were arrayed in ascending order, second, the bed load discharges corresponding to each 
monthly flows were computed, and third, the bed load discharges were subdivided into class intervals . 
The dominant discharge (Qd) is calculated by: 
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k 
L Qh Th /I 
o = h · 1 
- d k 
(3 I) 
L Th /I 
h . ' 
where 
k total number of class intervals 
b specific class interval 
Qh mean monthly or daily water discharge (m's·') 
T h bed load discharge for a given month or day corresponding to Qh in tonnes per day 
n number of events in each class interval 
This model was tested on the Platte and Missouri Rivers . It was found that, before flow regulation, 
the dominant discharge of the Missouri River below the confluence was 67 000 cfs. This decreased 
to 38 000 cfs after regulation. Using a similar procedure, Komura and Gill (1968) calculated the 
dominant discharge for the Nagara River in Japan. The dominant discharge was calculated as 3000 
m's·', thi s equated to a recurrence interval of 1.43 years on the annual series and a probability of 
excedence of70% for the annual peak discharge. Komura (1968) found that the dominant discharge 
depended on the type of bed material present. Where bed load was predominant, a dominant discharge 
of2030 m·'s·' with a recurrence interval of 1.04 years occurred. Where bed and suspended load were 
equal, a dominant discharge of 3000 m's·' with a recurrence interval of 1.43 years occurred, and 
where suspended load was dominant, a dominant discharge of3985 m's·' with a recurrence interval 
of 2. 78 years occurred. 
3.4 Bankfull discharge 
The notion of bankfull discharge has existed in the literature for some time (cf. Inglis, 1947), but its 
use as an independent variable controlling channel form became popular in the late 1950s and 19605. 
Wolman & Miller (1960) argued that the flood plain and the shape and pattern of the channel are 
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related to discharges that approximate the bankfull condition. Harvey (1969, p.82) defined bankfull 
discharge as " ... the discharge which just fills the natural stream channel and above which spilling onto 
the floodplain occurs". The bankfull stage was thus taken as the elevation of the active floodplain, and 
is a physical measure of the flow capacity of the channel. 
Dury (1959; 196 I) has shown that on many English and American rivers, bankfull discharge has a 
recurrence interval of somewhere between I and 2 years. This became conventional wisdom (cf. 
Brusch, 1961 ; Leopold el aI. , 1964) Dury el al. (1963), however, argued that many rivers in 
Queensland, Australia, are incised to such an extent that the bankfull stage is well above the mean 
annual flood and that some sites had not experienced a bankfull stage during the period of record . 
This suggested that the rivers were still adjusting to a recent climate or tectonic event and may not 
reach a bankfull stage. [t is also possible that Dury was inappropriately applying concepts developed 
for the British and American context. Hickin (1967) similarly argued that the rivers of New South 
Wales, Australia, had become deeply incised due to climatic, tectonic and eustatic events, and that 
for this reason bank top at many sites do not correspond to the natural bankfull stage. Dury (1976) 
suggested that due to the widespread evidence that streams have incised their flood plains in the mid-
latitudes, the feasibility of using the present flood plain level to identify the bankfull stage in these 
regions should be avoided. Woodyer (1968) suggests that, for this reason, many flood plains may in 
fact be terraces and argues that channel benches should be used as an alternative. 
A consistent definition of what can be considered the bankfull stage is problematic (cf. Kilpatrick & 
Barnes, 1964; Riley, 1972; Williams, 1978) Although definitions of bankfull discharge have included 
morphometric, sedimentary or discharge criteria, more often than not morphometric criteria are used 
to define the bankfull condition . Rosgen (1996) described bankfull discharge as the single most 
important parameter in morphological classification. He used bankfull discharge to relate dimensions 
such as width, meander length, radius of curvature, belt width, meander width ratio and amplitude 
to . He argued that the most consistent bankfull stage determination is obtained from the top of the 
flood plain. This is the elevation where incipient flooding begins for those flows that extend above 
the bankfull stage. He argued that it is important that the physical and morphological differences 
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between a low terrace and a flood plain are recognized, since alluvial channels can often have low-
level terraces adjacent to the flood plain, easily confused with the bankfull stage. 
3.5 Effectil'e discharge 
In temperate alluvial channels, the term effective discharge has been used interchangeably with 
bankfull discharge and dominant discharge. Effective discharge can be defined as the discharge that 
transports the most sediment over time (Orndorf & Whiting, 1999). Leopold (1994) argues that 
although the largest flows have the greatest stream power and can do work on the channel boundaries 
at the greatest rate, they occur only rarely . At the other end of the scale, low flows have such low 
stream powers that they are incapable of altering channel boundaries, regardless of how often they 
occur. Moderate flows with moderate stream power can do more work over time and are therefore 
more efficient than rare high flows (Andrews & Nankervis, 1995). The definition of effective 
discharge in terms of sediment transport introduces substantial difficulties, as the rate of sediment 
discharge is difficult to determine. This will be discussed further in Chapter 4. 
Pickup & Warner (1976) considered three separate variations of ' dominant discharge': 
• 
• 
Effecfive discharKe - the range of flows that over a period of time transports the most bed 
load or bed material load (cf Prins & de Vries, 1971) 
Slafistical hallkfllll discharge - the 1.58 year flood on the annual series (cf Dury et at. , 1963; 
Harvey, 1969) 
Nalllral hallkfllff discharge - the discharge that fills the channel banks (cf Dury, 1961 ; 
Harvey, 1969; Pickup, 1976) 
Using data from the Cumberland basin in New South Wales, Australia, Pickup & Warner (1976) 
attempted to determine which of the three ' types ' offlows could be classified as 'dominant discharge'. 
Different techniques were used to estimate each 'dominant discharge'. For the estimation of effeclive 
dischGlxe , Pickup & Warner (1976) divided the flow into classes, determined the flow duration within 
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each class, and calculated the mean bed load discharge within the class and multiplied it by the 
duration. A histogram showing the amount ofload transported by each class was then constructed. 
The most effective discharge was taken as the mid-point of the class which transported the most bed 
load. 
Results indicated that a limited range of discharges were responsible for the transportation of much 
of the bed load. Below it, the flow was not competent to move the bed load . Above it, the reduced 
flow duration more than offset the higher rate of transport . The return periods for the effec/ive 
discharRe lay within the range of 1.15 to 145 years on the annual series, while for the partial series 
the return period lay between 0.20 to 040 years. The effective discharge was exceeded or equalled 
3 to 5 times a year. This finding was in general agreement with Wolman & Miller' s (1960) assertion 
that a large proportion of the sediment transport is accomplished at flows of low to moderate 
magnitude, but high fTequency. Thus the channel form of streams in the Cumberland basin of New 
South Wales, Australia, were related to the optimum flow for bed load transport . Pickup (1976) 
therefore suggested that a bed load channel adjusts its slope so that it tends towards the optimum or 
bed load transport maximum form at the discharge which over time transports the most bed load. 
Analysis of bankfull discharge yielded interesting results . In the Cumberland basin, bankfull discharge 
did not fall into the typical I to 2 year return period. Pickup & Warner (1976) argue that due to a 
bipolar flood frequency curve, the channel capacity is related to the large floods described by the 
upper limb of the flood frequency curve - a capacity equal to a peak discharge with a return period 
of around 4 to 7 years . They suggest two possible reasons for this situation. First, that channel 
capacities are equivalent to the I to 2 year flood, and that greater capacities reflect incision . They do 
however stress that channel resistance to erosion may completely modifY the role of the hydrological 
regime depending on the strength of the channel perimeter material. Second, rivers with a highly 
variable hydrological regime may be related to less frequent events, as suggested by Harvey (1969) 
They therefore propose that many of the channels may be in a non-equilibrium state and conclude that 
in the Cumberland basin the capacity of the channel is related to high magnitude, low fTequency 
events. It is only under these conditions that bank erosion, flood plain destruction and construction 
ChaEter 3: Magnilllde and freqllencv of channel forming discharge Pas.e 37 
can occur. They suggest that the bed is shaped by high frequency, low magnitude events that occur 
on average 2 to 5 times a year. These small discharges are capable of transporting bed material, but 
are not competent to erode the banks. Thus Pickup and Warner (1976) identified two ' dominant 
discharges' - a major group determining the basic size and shape of the channel and a minor group 
determining transport capacity and the slope. 
Working in the Yampa River basin, Andrews (1980) found that the most effective discharge occurred 
on average for a few days a year. He also found that the effective discharge and the bankfull discharge 
were almost identical, while the mean annual discharge was about 12% of the bankfull and effective 
discharges. He therefore argued that the close agreement between the effective and bankfull discharge 
would suggest that the channel is adjusted to the flows that transport the largest part of the annual 
sediment load, this was on average between 1.5 days per year and II days per year for the 15 sites 
in the Yampa River basin. 
Pitlick & Van Steeter (1998) used duration data and sediment transport relations to determine the 
effective discharge for the upper Colorado River using the Parker el at. (1982) equation. At high 
discharges, they calculated unit bed load transport rates of between 3 to 4 kg m" s· '. These compare 
well with other rates measured in other active gravel-bed rivers (cf Reid & Laronne, 1995). The most 
effective discharges were found to occur at daily discharges in the range of 500 to 600 m's", which 
occur on average about 2% of the time or on average 7 days per year, transporting approximately 
30% of the annual load. More than 80% of the annual sediment load is carried by the highest 1 0% 
of the flows. This is in agreement with information presented by Ashmore & Day (1988) and Nash 
(1994) who have shown that the duration of the effective discharge increases with drainage area . 
(Data presented by these authors suggest that for rivers with drainage areas greater than 1 00 000 km' 
the effective discharge is exceeded about 10% of the time) The effective discharges for the upper 
Colorado were found to be slightly less than the bankfull discharge. 
Pitlick & Van Steeter (1998) thus argue that aquatic habitats in the upper Colorado River are 
maintained by flows ranging from about half bankfull up to about the bankfull stage. At the half 
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bankfull stage, gravel transport on a widespread basis is initiated, which is important for flushing fine 
sediment trom the bed. Flows at the bankfull stage carry the majority of the sediment load and erode 
fine sediment trom the side channels. These flows are therefore important for maintaining backwater 
habitats . Furthermore, these high flows define the upper limit for the onset of bank erosion and the 
formation of bars and side channels. 
3.6 Dominant discharge. bankfull discharge and effective discharge in controlled and semi-
controlled systems 
Carling (1988) argues that the Wolman-Miller principle cannot be sustained in non-alluvial streams 
that are out of equilibrium or are unable to adjust their form freely . He was able to show that the 
concept could be applied to a sand-bed stream close to the steady state in the sense that, of a range 
of flows capable of transporting bed material, one class is the most effective in terms of the total mass 
transported, this being the bankfull condition . This relationship cannot be applied to a gravel-bed 
stream as high entrainment thresholds are required for bed movement. Overbank flows are often 
simply not competent to mobilize the bed completely. 
Baker (1988), like Carling (1988), therefore argued that the Wolman-Miller principle needs to be 
adapted for different river types. In resistant bed rock rivers, adjustment cannot occur as easily as in 
alluvial channels (Harvey, 1984) . Such systems are often sediment limited and the excess energy is 
often dissipated as remarkable intense turbulent phenomena (cf. Baker & Kali, 1998) Often the only 
flows capable of significant channel alteration in bed rock streams are high magnitude events. 
Furthermore, Carling (1988) has argued that most channels probably have some slight 'system 
memory ' of past events recorded in the channel form . He argues that for alluvial channels, negative 
feedback systems and short relaxation times (cf. Allen, 1974) ensure that the system memory is short 
and that the preferred channel morphology is largely invariant. Thus the concept of a unique discharge 
that fills the channel and transports the most bed load (usually the bankfull discharge) has been seen 
as morphologically significant and equated with ' dominant discharge' (Carling, 1988). 1t remains 
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untested whether ' system memory' is as short in semi-controlled or controlled bed rock channels or 
in arid and semi-arid regions . 
Gupta (1995) has shown that rivers in the seasonal tropics fall somewhere in-between the arid and 
temperate categories. Seasonal variability in discharge significantly alters the width-depth ratio and 
stream power. He argues that the seasonality of the flow produces a nested channel pattern, a large 
channel for the storm and a small channel for the high discharge of inter-storm periods. This channel 
architecture is similar to that reported in central Australia (Pickup, 1991) and South Africa (see 
Section 2.4), and suggests activity at a widely different and discrete scales. The tropics, located 
between two anticyclonic belts at about 3~" north and south of the equator, are characterised by 
marked concentration of rainfall within a few months. This seasonality is transferred to the 
streamflow, and the hydraulic geometry of the river changes dramatically between the wet and dry 
seasons . Rivers of the seasonal tropics have to adjust to distinct separate periods of high and low 
flows. Equilibrium of river form requires adjustments to multi-scale discharges . This would suggest 
that channels in these landscapes cannot be related to a single dominant discharge, rather that they 
are related to a series of discharges . 
3.7 Summary and management implications of the dominant di.~charge, bankfull discharge 
and effective discharge concepts 
It is clear from the above discussion that the literature freely interchanges the terms dominant 
discharge. bankfull discharge and effective discharge. This leads to much confusion as the concepts 
are not interchangeable. The two key questions for geomorphologists are as follows : first, is the 
dominant discharge, bankfull discharge and effective discharge also the channel forming discharge') 
Second, are the frequencies of the dominant, effective and bankfull discharges the same as those 
measured using some recurrence interval or probability of exceedence') It is possible to argue that the 
characteristics of the channel dictate the dominant discharge rather than vice versa. This may be 
related to the imprint of past climates, or the resistance of the channel boundary to deformation . The 
resolution of these questions offers the potential to predict channel response to hydrologic regime. 
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It would appear that the usefulness of the dominant discharge approach is probably related to different 
climatic and channel boundary conditions. Alluvial channels that are free to alter their boundaries may 
respond to a dominant discharge. There is a case for arguing that there could be different dominant 
discharges for any characteristic of the channel, for example, a dominant discharge for width, slope, 
point bars and so on. It may only be appropriate to talk about dominant discharge in terms of 
maintaining overall channel form if the in-channel characteristics all respond similarly to the said 
discharge. This is unlikely to be the case, especially in southern African rivers where the hydrological 
regime is highly variable and structural control on the channel is considerable. 
In terms of management implications, it is apparent that the magnitude-frequency debate forms the 
context within which an understanding of the flows necessary to maintain the channel form and the 
channel bed can be understood (given the limitations mentioned in the previous paragraph). The use 
of terms such as dominant discharge, bankfull discharge and effective discharge provides concepts 
around which the magnitude-frequency debate can move forward . Terms need to be clearly defined 
and concepts that were developed for certain types of channels should not be applied to others. While 
it is useful to use the bankfull discharge as a surrogate for effective discharge in alluvial channels, this 
should not be applied to a river responding to a variable hydrological regime, or a channel that is in 
disequilibrium or is structurally controlled. For the purpose of this thesis, the terms bankfull discharge, 
dominant discharge and effective discharge are defined as follows : 
Domillalll discharge usually refers to a conceptual discharge without a specific statistical, physical 
or sediment transport interpretation. For the purposes of this thesis, however, the definition as used 
by Marlette & Walker (1968) will be applied. 
Ballk/lI!1 discharge refers to a unique and measurable physical characteristic of the channel at a 
particular cross-section . For the purposes of this thesis, it refers to the boundary between the active 
channel and the macro-channel. 
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Effective discharge refers to the discharge that over a period oftime transports the most bed material 
load. 
3.8 Magnitude-frequencyandf1oods 
The concept of geomorphic effectiveness refers to the ability of an event to alter landforms and to the 
relative persistence of the altered landforms under the influence of processes tending to restore the 
landscape to its previous condition (Wolman & Gerson, 1978; Hugget, 1994). Miller (1990) has 
shown that large floods may not be 'effective', and that in order for a flood to be effective, it (p .132) 
"requires the coincidence of sufficiently large peak flows with a physiographic setting where large 
values of unit stream power can be applied to valley reaches with erodible alluvial bottomlands". In 
certain river systems, however, the only flows capable of significant channel modification are rare high 
magnitude events. The main reason for this is that high levels of applied stress are required to scour 
perimeter material. In order for modifications to occur, thresholds must be achieved that prevent low 
to moderate magnitude events from reconstructing the system (cf Carling & Beven, 1989; Magilligan 
et al., 1998) . 
The role of post-flood adjustment is of great significance (cf McPherson & Rannie, 1969; Beaumont 
& Oberlander, 1971; Schwarz et aI., 1975; Anderson & Calver, 1977; Thomes, 1977; Moss & 
Kochel, 1978; Harvey et al., 1979), especially the role ofre-vegetation. Ifre-vegetation is rapid, and 
given a sufficient supply of sediment, the reconstructive process will be rapid . In semi-arid and arid 
regions, where vegetation growth is limited, high magnitude events may produce irreparable and 
therefore progressive changes in the channel (cf. Hack & Goodlett, 1960; Schumm & Lichty, 1963; 
Stuckman, 1969; Cleaves et al., 1970; Burkham, 1972; Clarke, 1973; Costa, 1974; Gupta & Fox, 
1974; Stevens et ai., 1975; Walsh et al. . 1994). In some instances. thresholds of non-recovery may 
be attained (Tricart , 1961; Brykowicz et al .. 1973). 
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In arid and semi-arid regions, large floods can have significant effects on channel form, both in terms 
of geomorphological work (sediment transported) and geomorphological effectiveness (landscape 
impact). Clearly then, climate and hydrology are important parameters determining the effectiveness 
offloods of differing magnitude and frequencies (Harvey, 1984). Kochel (1988) cites the example of 
dramatic channel and flood plain modification by large floods in Virginia (cf Hack & Goodlett, 1960; 
Williams & Guy, 1973; Johnson, 1983), while hurricane Agnes floods (cf Moss & Kochel, 1978) 
produced insignificant change. The response and recovery time from extreme events is of particular 
significance (cf Baker, 1973; Thornes, 1976; Baker, 1977; Schumm, 1977; Dietrich & Dunne, 1978; 
Patton et ai, 1979; Hickin, 1983; Meade, J 983 ; Harvey, 1984; Nanson, 1986; Baker & Pickup, 1987; 
Schumm el al., 1987; Lewin, 1989; McEwan, 1989; Baker & Kali, 1998) . 
Costa & O'Connor (1995) have argued that the recognition that some really large floods may not 
have long lasting effects or cause long-term changes in channel and valley morphology led to the 
realisation that the absolute magnitude of the event is not the sole factor responsible for the resulting 
landforms or their perseverence. They have argued that by generating a time stream power curve, it 
is possible to integrate the area under the curve to derive the total amount of energy that a flood 
expends per unit area, thus adding the duration dimension to the effectiveness (Figure 3.1). Using this 
method, they argue that there are three types of floods that are represented by three types of curves. 
Curve A (Figure 3. I) represents a flood on a low-gradient river that generates low stream power per 
unit area. Curve B represents a flood that generates high values of peak stream power per unit area 
and has a moderate to long duration. Curve C represents a flood which also generates high values of 
instantaneous peak stream power per unit area, but is short-lived. The floods that are the most 
effective are those floods that generate high stream power per unit area, but also expend considerable 
energy. 
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Figure 3.1: Conceptual stream power graphs used to determine geomorphic effectiveness of 
different types (~f.floods (after Costa & O'Connor, 1995). 
Of interest to the magnitude-fTequency question. particularly in the Southern Hemisphere. is the 
debate that emerged in Australia about Flood and Drought Dominated Regimes (FDRs/DDRs). The 
concept was developed to explain the large-scale cyclical channel changes that occurred in many 
Australian rivers that were out of phase with well documented land use changes (Rutherfurd. 2000). 
FDRs are periods characterised by episodic catastrophic floods and persistent flood activity with runs 
of large floods for up to eleven years in a row separated by shorter periods of smaller floods . DDRs 
are relatively long periods oflow flood activity when runs of floods occur for up to six years in a row 
separated by longer periods oflittle flood activity Erskine & Warner (1998) argue that the alternating 
flood regimes appear to be caused by cyclical medium-term shifts in the location of the summer 
rainfall belt. with FDRs corresponding to a southerly incursion and DDRs to a northerly retreat. They 
have argued that rivers respond to the alternating flood regime by bank erosion. channel widening and 
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chute cutting during FDRs. and deposition. channel contraction and chute infilling during DDRs. 
Erskine & Warner (1998) have pointed out that the alternating flood regime has important 
implications for understanding the physical functioning of Australian fluvial systems and has 
considerable management implications. 
Kirkup ef at. (1998) reject the FDRlDDR hypothesis. arguing that the notion has been overstated and 
that managing rivers on the basis of FDRs and DDRs. as had occurred in the past, was likely to be 
ineffective. They argue that the FDRlDDR hypothesis had seriously underplayed the significance of 
European disturbance on river channels and catchments, while overplaying the significance of c1imate-
driven controls on river channel changes. Brooks & Brierley (1998) have shown that the massive 
sedimentation that resulted from European disturbance in the Bega catchment in New South Wales 
(which resulted in significant channel changes) was out of phase with FDRlDDRs. Brooks & Brierley 
(2000) thus argue that human alteration of channel and catchment conditions and increased 
geomorphic effectiveness of floods are the principal reasons for changes in channel morphology in 
NSW. The similarity in climate between southern Africa and Australia brings into question the 
possible significance ofFRDs and DDRs in southern Africa. This has been argued for the Bell River 
in South Africa (cf. Rowntree & Dollar, 1 996b ) 
3.9 Environmental flows in geomorphology 
The final section of this chapter will consider the concept of environmental flows . For a full review 
see Dollar (2000). The ecological diversity and productivity of channels and flood plains are directly 
related to the areal extent, complexity and variety of physical habitats . This includes the channel bed, 
side channels and related habitats, as well as irregularities in the channel that provide cover and 
refugia ITom high velocity flows . This variety is dependent on the full range of natural flows, both high 
and low. Where rivers are impounded. reduced magnitude and frequency offlooding may lead to the 
accumulation of finer sediment on the channel bed. Where this occurs over long periods oftime, the 
channel may narrow, resulting in increased flood risk and reducing the variety and areal extent of 
aquatic habitat (cf. Finlayson ef at., 1994; Gippel & Stewardson. 1995) The determination of the 
Cha,p.ter 3: Magnitude and frequencv of channel forming discharge P~e45 
magnitude and frequency of regulated flows necessary to maintain the aquatic environment in a 
'natural condition ' is known as ellvirallmelllalflnw determillatioll . Environmental flows thus fall 
within the broad magnitude-frequency debate. Determining environmental flows is a complex 
endeavour. Methods range from simple abstraction of stream flow records to more complex 
techniques such as the Instream Flow Incremental Methodology (IFIM) (Milhous et al., 1989). 
Traditionally, there are four main methods for determining environmental flows (Reiser et al., 1989): 
• se((-adillsted challllel methods base flows on a statistic determined from the pre-dam flow 
regime, the assumption being that the pre-dam channel has achieved a form of equilibrium; 
• statistical methods recommend flows based on a flow duration or flood frequency curve; 
sedimellt elllraillmelll method~ recommend flows based on the discharges at the threshold of 
particle motion; and 
• direct calihratioll methods involve the observation of bed movement, sediment transport or 
changes in fine sediment content by bed gravels. 
There is much debate in the literature as to the goals of environmental flows. This is partly a result 
of the lack of consistency in the terminology employed. The objectives of the recommended flows 
need to be clearly stated. Terminology such as maintaining the river in a 'natural state' is too broad 
and can serve no real purpose. The goals must be stated in a manner that permit the identification of 
a particular discharge and water volume to achieve certain objectives, while accepting that in all cases 
there will be uncertainty associated with estimates of sediment transport . 
Kondolf & Wilcock (1996) argue that when determining an environmental flow a distinction must be 
made between the ages of impoundments. For recently built impoundments, objectives may be stated 
in terms of maintaining certain aspects of the existing channel. In such cases, it is prudent to use flows 
based on the natural hydrograph. For old impoundments, the channel may already have adjusted to 
the regulated flow regime. Thus, methods for determining a flushing flow, such as using the natural 
hydrograph or channel geometry, may not be appropriate as they implicitly assume a mutual 
adjustment between hydrology, channel geometry and sediment transport . Furthermore, the range of 
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flushing objectives are limited by the dam operating rules, release capacity of the reservoir, degree 
of post-dam adjustment, public safety and legal constraints (McMahon & Finlayson, 1995). In this 
case, it may only be possible to specify flows that perform some of the objectives, such as removal 
of fines. Other objectives such as maintaining natural channel geometry cannot be met (Kondolf & 
Wilcock, 1996; Wilcock et aJ., I 996a). 
Despite these inherent difficulties, the holistic management of rivers requires that an environmentally 
acceptable flow regime is based on sound scientific principles (Petts, 1996). Traditionally, 
environmental flows have been based on a minimum flow requirement, but the conservation or 
maintenance of a system requires a full range offlows. Pelts (1996) established that the primary need 
in environmental flows is underpinned by five scientific principles: longitudinal connectivity, vertical 
exchanges, flood plain flows, minimum flows and optimum flows. The determination of all of these 
principles is complex, and requires an in-depth study of the river basin. This in-depth analysis is often 
lacking and, consequently, models used for determining instream flow requirements are imprecise. 
Furthermore, Pelts (1996) makes the point that ecosystem response to flow regulation, physical 
habitat alteration and manipulation of biological communities is as yet indeterminate, and the models 
remain qualitative. Nevertheless, the ecologically sound allocation of instream flow requirements 
remains a fundamental component of environmentally sound river management. For the 
geomorphologist, this is essentially embodied in the magnitude-frequency debate. 
3. J 0 Summary and conclu.~ions 
The aim of this chapter was to provide a conceptual framework for the magnitude-frequency debate. 
It has been pointed out that dominant discharge is primarily a concept, while the bankfull discharge 
and effective discharge are practical ways of determining or defining dominant discharge. Dominant 
discharge, bankfull discharge and effective discharge cannot, however, be used interchangeably. It has 
also been demonstrated that these concepts need to be applied with caution in different climatic and 
geomorphic regions . Nevertheless, they provide a useful means of moving the magnitude-frequency 
debate forward. 
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Furthermore, it has been pointed out that the role of floods is of great significance in arid and semi-
arid rivers and in rivers that are strong controlled by bed rock. In these rivers, large floods are often 
the only flows that can be considered to be effective. This is of particular significance in southern 
Africa which has a highly variable hydrological regime and strong bed rock influence in the channel 
boundary. These issues will be taken up in Chapters 9 and 10. 
Given the literature just reviewed, the aim of thi s thesis is to achieve the following : to examine the 
relationship between bankfull discharge, effective discharge and dominant discharge for three South 
African rivers. 
Chapter 4: Geomorphological Approaches 
to Bed Material Transport 
"Researchers have a/ready cast much dar/mess on the subject, 
alld if they continlle their investigations we shall soon hlOw lIothing at all about it. ,. 
Mark Twain 
4.1 Introduction 
Schumm (1971) has shown that one of the major factors determining the shape and pattern of a river 
is its sediment regime. Although bed load constitutes a small fraction of the total sediment transported 
by a river, the movement of bed load is often responsible for the problems associated with shifting 
channels, loss of reservoir capacity and with local difficulties that arise in water abstraction (Reid et 
aI., 1985; Kondolf, 1995). Morisawa (1985) argues that a river will maintain a channel morphology 
that is most suited to the transportation of its bed load. Channel pattern has traditionally been seen 
in part as a function of bed load and calibre. The classification of channels according their bed load 
characteristics is common (cf Schumm & Khan, 1972; Schumm, 1977; Miller, 1984; Church et al., 
1989). Reid & Frostick (1997) argue that a thorough knowledge of bed load transport in a river is 
essential, as the movement of bed load acts as a regulator ofa river' s character, geometry, planform, 
cross-section and long profile. 
By inference then, any change in sediment supply or transport will have an impact on the fluvial 
system. Changes in sediment supply may be in response to tectonic movement, climatic change, major 
floods, land use change or human modification of the fluvial system (e.g. impoundments, water 
abstraction) . If these changes are transient, they may cause sediment slugs or pulses to move through 
the system, marked by sedimentation zones in which changes in form and pattern are common 
(Church & Jones, 1982; Church, 1983). Changes in supply make the situation extremely complex, 
as supply events may be both spatially and temporally episodic (cf Nordin, 1963; Ferguson, 1987; 
Simons & Simons, 1987). Temporal and spatial storage are therefore important determinants of 
potential channel form and pattern. 
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Clearly, bed material load in rivers plays an important part in understanding the functioning of fluvial 
systems, but there are also numerous other factors to consider. These include channel and valley 
slope, these are often functions of tectonic history (Gregory & Schumm, 1987); perimeter conditions, 
including vegetation (Thorne, 199 I; Rowntree & Dollar, 1999): percentage of silt and clay in the 
channel banks (Knighton, 1987); human impacts, both direct and indirect (Park, 1981) and, channel 
forming discharge as discussed earlier. The focus of this chapter will be on bed material transport . 
4.2 Basic terminology 
The term load, as used in sediment transport, refers to the sediment in motion in a river. It is also 
used to denote the rate at which sediment is moved, for example. kilograms per second or tonnes per 
day. The load is further divided into two categories, hed load and slIspended load. Bed load is 
defined as that part of the load moving on or near the bed by rolling, saltating or sliding. Bagnold 
(1973) defines bed load as those grains that are dispersed upwards from the stationary bed by 
occasional grain-to-grain and grain-to-bed impacts as the prevailing fluid drag causes them to shear 
over each other. Upward dispersive stress is balanced entirely by the immersed weight of the moving 
grain, implying that no net upward-directed fluid stress affects the bed load. Lift on bed grains due 
to fluid pressure variation around them is described by the Bernoulli equation . Table 4.1 presents a 
classification of sediment transport. 
Of significance to this discussion is the issue of sediment supply. A hydraulically-controlled stream 
is one that is capable of moving virtually all sizes of material on the streambed. The amount 
transported is a function of the water' s energy. For example, in a sand-bed stream there is virtually 
an unlimited supply of transportable material on the bed and it can be assumed that whatever is being 
carried is only limited by the energy of the water. A supply-limited stream is one in which there is a 
limited supply of transportable material on the bed, and the stream is able to transport more sediment 
than it is presently carrying. The impact offlow regulation may therefore be different in hydraulically-
controlled and supply-limited streams. In a hydraulically-controlled stream if flows were reduced, 
aggradation would be expected because sediment supply would not change. In a supply-limited 
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stream the capacity to carry sediment is much higher than the amount being delivered to the system, 
the flows could therefore be reduced and it would still be competent to transport the delivered 
material without aggradation occurring. 
Table 4.1: Class!fication and mea,~urement of sediment transport 
Movement classification Source classification 
[ I SlIspended load: is suspended in the flowing Bed material load: is the material contributed 
! water by turbulent eddies. It moves faster than by the streambed. Can be calculated by 
: bed load. hydraulic calculations. 
I 
I Bed load: moves by rolling, saltation or Washload: is always carried in suspension and 
, 
; hopping along the stream bed. It is ' pushed ' by washes through the system. It is not found in 
I the water. This pushing force is correlated with appreciable quantities on the bed . It cannot be 
! velocity and can be expressed as shear stress. determined by hydraulic calculations. 
_0 _- _. _ _ _ ___ ._. _ ._ . __ ___ •.. ___ ._. _ ______ __ . " 
4.3 Particle entrainment 
Part of the problem in predicting bed load transport is predicting the initial entrainment and movement 
of particles (Carling, 1983) . Considerable effort has been expended on microscale studies of flow 
resistance, incipient motion of bed material and bed load transport (Johnston ef al., 1998). A particle 
generally starts to move when the force of the column of moving fluid that intercepts it generates a 
moment equal to the oppositely directed moment of the immersed particle weight. This is the balance 
between the fluid forces of drag and hydrodynamic lift, which turns a particle, and the resisting forces 
of the immersed-particle weight, which keeps the particle at rest (Helley, 1969) When the two 
opposing forces are just in balance, the fluid is competent to move its bed particles and critical or 
threshold conditions exist (Andrews, 1983). This assumes that the particle is available for 
entrainment. The conditions necessary to initiate motion depend on particle size, slope, specific 
gravity, shape, density, surface roughness, orientation angle, surface packing, exposure to flow and 
so on (cf Beaumont & Oberlander, 197 1; Miller ef aI. , 1977; Morisawa, 1985) 
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Reid el al. (1997) make the point that most transport equations incorporate a term that defines the 
critical flow condition for transport . The reliable application of these equations therefore depends on 
the appropriate specification of these conditions. The conditions under which particle movement 
ceases is equally important, and are not necessarily the same as those conditions that initiated motion. 
Most researchers make use of critical shear stress, or critical average velocity (cf Shields, 1936), 
while some advocate the use of unit stream power rather than shear stress (cf. Yang, 1973). 
Andrews (1983) reports on an investigation to determine the threshold conditions necessary to entrain 
gravel and cobbles from a river bed composed of heterogenous material. In sand-bed rivers, bed 
forms have a major impact on transport rates (Bradley el aI., 1972; Dietrich e/ aI. , 1979). Andrews 
(1983) was able to show that the presence of bed forms in all types ofrivers considerably increases 
the shear stress necessary to initiate particle motion compared to the critical value for a flat bed. 
Leopold el al. (1964) had already noted that particle spacing exerted more control over movement 
than did particle size, and they were able to show that little relationship existed between the size of 
the gravel and the distance moved. 
Wilcock (1992) has suggested that where a bed has coarse, mixed-size sediments, all sizes may begin 
moving over a range of flow conditions that is relatively narrow. A number of authors (cf Komar, 
1987; Wiberg & Smith, 1987) have shown that in the size range of medium sands through to gravel, 
larger particles of a size distribution are moved at flow stresses less than those required to entrain that 
size ITom a uniform bed. This issue will be discussed further in Section 4.4. In the opposite direction, 
the finer-sized fractions require greater flow stresses than if they had formed under uniform deposits . 
The complexity of entrainment is infinitely greater under non-uniform bed conditions. It would appear 
that the bed condition acts as a major controlling factor in determining incipient motion, especially 
in gravel- and cobble-bed rivers . This is particularly so after a prolonged period of no sediment 
transport, where the bed material has had time to become consolidated (Reid el aI. , 1997) The 
infiltration of fine, cohesive sediments into a framework of coarser sizes can create a powerful 
cementing effect. Reid el al. (1997) have demonstrated from field measurements that negligible 
transport may occur during the rising stage of the first flood after a long period of stasis . Once the 
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armour layer or bed structure has been broken, transport on tlie falling stage of the hydrograph may 
be considerable, thus the conditions for the initiation and cessation of motion can be substantially 
different Where floods are closely spaced, however, the bed material remains comparatively loose 
and offers less resistance to entrainment, such that considerable transport will occur on the rising limb 
of the hydrograph (Reid ef a/., 1997). The critical conditions are, thus, to some extent dependent on 
flow history so that it is possible for bed load transport rates to vary widely, even at the same river 
stage, or during the same flood event . 
Baker & Costa (1987) have attempted to determine the impact of flooding on sediment entrainment 
and bed load transport and have found that the highest shear stresses (Equation 4 .1) and stream 
power per unit area (Equation 4.2) are not necessarily associated with the largest discharges. High 
values of stress and power occur mainly in bed rock channels. Large rivers like the Mississippi and 
Amazon that experience major floods in fact experience relatively low unit stream power as the 
increase in discharge is accommodated by width adjustments as opposed to depth and velocity 
adjustments in bed rock rivers (Baker & Costa, 1987) Magilligan (1992) has shown that major 
morphological adjustments in alluvial rivers do not occur unless mean bed shear stresses exceed 100 
Nm" or stream power per unit area exceeds 300 Wm'2 In bed rock rivers Wohl (1992) has 
demonstrated that boulder bars only become mobilised at unit stream powers of around 1000 Wm''. 
Floods that generate these levels of stream power are thought to have a return period of around 200 
years in bed rock rivers. 
r = yR.,) (4.1 ) 
where 
r is shear stress (Nm") 
y is specific weight of the fluid (9800 Nm") 
R is the hydraulic radius (m) 
S is the energy slope (mlm) 
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(YQ.I') ({J = 
W 
(42) 
where 
w is unit stream power (Wm-') 
w is the channel width (m) 
Pitlick & Van Steeter (1998) propose that the key factor in estimating thresholds for sediment 
transport and channel change is developing appropriate methods of determining boundary shear stress 
(1:) and critical shear stress (1:ol . Average boundary shear stress is given by 
1: =pgDS (4.3) 
where 
P is the density of the water (kg m-" ) 
g is the gravitational acceleration (m sol) 
o is the flow depth (m) 
In the absence of direct observations of particle entrainment the only practical means of estimating 
1:, is to use the Shields criterion where 
t enNetll ;:: 'tel = ! ;lp.f - p )gD, (4.4) 
where 
1:,; is the dimensionless shear stress 
p, is the density of the sediment (kg mol) 
o is the particle diameter (m) 
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There has been considerable discussion (cf Parker ef aI., 1982; Gomez, 1995) as to the minimum 
value oft,;. It is now fairly well recognised that significant motion of the bed, which is characterised 
by continuous movement of particles and much higher transport rates, occurs at 1:" 0' (where 1:,,; is 
the critical dimensionless shear stress for the particle size where 50% of the bed material is finer) in 
the range of 0.045 < t "o' <0.06 (Wilcock & Southard, 1989; Andrews, 1994; Pitlick &Van Steeter, 
1998). At discharges higher than this (1:'"1' < 009) the transport is so rigorous that gravel-bed forms 
begin to develop . The impact of bed forms on bed material transport is discussed in Section 4.4. 
Minimum values of t "o' - 0 .03 are required for initiation of transport, but at these levels very few 
particles of any size are moving and bed material transport rates are very low (Pitlick & Van Steeter, 
1998) 
Carling & Tinkler (1998) have shown that where large boulders are of the same magnitude in terms 
of vertical dimension to the depths of normal floods (recurrence intervals in the range of I to 5 years), 
it is questionable whether flow magnitudes experienced over decades or centuries are competent to 
move them. It is therefore difficult to determine an initial motion criteria for large boulders in shallow, 
non-uniform and unsteady flow conditions. In bed rock systems, flow is frequently not only non-
uniform, but the mode of boulder movement may be by sliding as well as rolling. It is thus clear that 
empirical and theoretical relationships between the entrainment force and the force resisting motion 
commonly involve coefficients that are substitutes for the imperfect knowledge of critical parameter 
values in the force balance. The result of this is that a single coefficient subsumes various physically 
distinct effects . These findings beg the question whether the classic concept of competence is of 
relevance in gravel-bed rivers with complex bed forms . The present state of knowledge is certainly 
incomplete and, as Carling (1983) has stated, insufficient data presently exists for defining a threshold 
of motion for (large) particles in natural stream flows . 
4.4 Bed heterogeneity 
The structure of the channel bed has been shown to have a major impact on bed load transport 
(Brayshaw ef al., 1983 ; Rhoads, 1994b). Where sand-beds occur, most if not all of the bed is 
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available for transport (Ferguson e/ aI. , 1989) . In gravel-bed rivers where there is a complex bed 
structure as well as a variable assemblage of grain sizes, the availability of particles for entrainment 
is complex. Gravel-bed rivers are defined as those in which hydraulic processes are controlled by 
material coarser than 2 mm in diameter. Gravel-bed rivers are characterised by macro bed forms, 
pools and riffles and the general absence of smaller scale ripple, dune and antidune features (Hey & 
Thome, 1983). 
Gravel-bed rivers are commonly armoured (Klingeman & Emmett, 1982; Dunkerley, 1990). Armour 
refers to a bed where coarse grains have been concentrated over the original sediment mix (Kuhnle 
& Southard, 1988) The presence of an armoured layer poses a problem in the calculation of bed load 
transport (Nanson, 1974). It has been mentioned in Section 4.3 that heterogenous beds can affect the 
forces acting on a given particle in two significant ways. First, the relatively smaller particles in a 
mixture are hidden in the turbulent wake of the relatively larger particles and, second, the forces 
needed to start a larger particle rolling over smaller particles is less than that required to start a 
smaller particle rolling over larger particles (Bathurst, 1987a) . This would suggest that less shear 
stress is required to entrain a given size particle if that particle is surrounded by smaller particles 
rather than larger particles (White & Day, 1982; Andrews, 1983; Proffitt & Sutherland, 1983). For 
bimodal sediments, transport may consist of sand and fine gravel moving in threads between cobbles 
and boulders. 
In many cases, the clast shapes and sizes allow for the consolidation of the clasts into tightly 
interlocking structures during periods oflow flow (Bathurst, 1987b). As noted earlier in Section 43, 
critical tractive forces may be increased by up to three times in this regard . Conversely, on the falling 
limb of a flood , transport may continue to a value up to six times lower than that corresponding to 
initiation of motion on the rising stage. Thus Bathurst (1987b) suggests that due to these factors, 
transport during storm events can occur at relatively high rates for up to several days after a storm . 
There may also be an aftermath of relatively high transport rates in subsequent storms (Tacconi & 
Billi, 1987) 
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Rhoads (1994b) has shown that flow resistance varies significantly not only between pools and riffles, 
but also within these distinct morphological features . Rhoads (1994b) has also shown that these 
differences in terms of shear stress, near-bed velocity and profile averaged velocity can be greater at 
single locales than the differences between pool and riffles. These differences can also vary with stage. 
Sediment transport for a river as a whole may be accomplished by a large number of disconnected 
zones of moving sediment, associated with areas of flowing water with depth and velocity sufficient 
to entrain and move bed material (which are termed jet zones) (Mosley & Jowett, 1999) 
The acknowledgement of the significance of bed microforms and the changing integrity of the 
armour-layer appears to provide some explanation as to why bed load discharge is often out of phase 
with changing hydraulic conditions (Reid & Frostick, 1987; Hassan & Reid, 1990; Hoey & 
Sutherland, 1991). Reid & Frostick (1987) argue that most bed load transport equations are based 
on the assumption that the bed of a stream will respond to the applied stress in the same way, and that 
bed load begins and ends at the same threshold value of applied force . Both these assumptions have 
been shown to be inappropriate (cf Brayshaw, 1985; Reid & Frostick, 1987) Furthermore, bed load 
transport equations assume that bed load transport rates will continue to rise as a function of 
increasing stream energy (stream power or shear stress) . 
Reid & Frostick (1987) argue that the mismatch between the flood hydrograph and sediment 
transport rates can be ascribed to the effects of bed microforms and pebble clusters, and the fact that 
there are significant differences between traction thresholds at the beginning and ending of sediment 
motion. Pebble clusters are the most common microform in gravel-bed rivers (Reid ef at., 1997). In 
sand-bed rivers these are usually ripples and dunes . Pebble clusters are groups of interlocking clasts 
formed around exceptionally large bed particles and standing above an otherwise planar gravel-bed. 
The principal components of clusters have been shown to be an obstacle clast, around which is 
developed an upstream stoss deposit and a downstream wake deposit (Brayshaw, 1985) (Figure 4.1) . 
Grains in the lee of an obstructing particle suffer considerable reduction in lift and drag forces . 
Accordingly wake-side clasts are far less susceptible to entrainment than are their exposed 
counterparts (Brayshaw, 1985). Brayshaw (1985) has further shown that in a number of gravel-bed 
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streams, only 29% of the particles can be considered to occupy reasonably exposed positions - the 
implicit assumption in treatment of initial motion and bed load transport equations. Furthermore, 
Brayshaw (1985) argues that between 50% and 70% of bed particles can experience a delay in 
predicted incipient motion beyond that predicted for more exposed equivalents oflike size and shape. 
Rooseboom & Ie Grange (1992) have shown that these microforms can increase roughness to such 
an extent in sand-bed rivers that negligible transport may occur, even during flood conditions. 
Stoss-side 
Accumulation 
Obstacle Clast - '---- {FLOW • 
o 10 20 
I ! t 
Centimetres 
Figure 4.1: Obstacle cla~ts (after Bray.~lzaw, 1985). 
4.5 Temporal variations in bed louel transport rates 
Temporal variability in bed load transport rates under quasi-steady flow conditions were first 
identified in the 1930s (Carey, 1985; Hoey, 1992). As mentioned in Section 4.3, transient bed load 
transport conditions are commonly found in many different environments in the field (cf Lekach & 
Schick, 1983; Proffitt & Sutherland, 1983; Ashworth & Ferguson, 1989; Ashmore, 1991; Schmidt 
& Ergenzinger, 1992; Wharburton, 1992; Reid el al .. 1998). Short-term variations in bed load 
transport have been observed in gravel-bed rivers at times of steady streamflow (cf Klingeman & 
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Emmett, 1982; Carling el al" 1998), while longer-term pulses at uniform flow have also been shown 
to exist (cf. Pickup el a/. , 1983; Nicholas et al., 1995) . As mentioned earlier, at a given discharge, 
bed load transport rates for the rising and falling limb of the hydrograph can differ by an order of 
magnitude, with the rising limb rate being less than the falling limb rate or vice versa (Kuhnle, 1992; 
Moog & Whiting, 1998) 
During the rising limb, avai lability and mobility of bed material for transport appear to be controlled 
by the armour layer. These conditions may exist well beyond those producing critical tractive forces . 
During the falling limb there is generally a reduction in bed load transport as the armour layer is re-
established during the waning limb of the flood flow (Gomez, 1983) . Reid el al. (1985) have 
suggested that one of the factors that may help explain the confusion surrounding hysteresis effect 
with the passage of a flood wave is the availability of sediment !Tom one flood to another. This 
availability need not necessarily be due to the temporal exhaustion of supply (cf. Leopold & Emmett, 
1976), but may be due to temporal differences in the resistance of the bed material to movement. 
Long periods between floods may allow for particle interlocking, thus adding strength to the bed. As 
a result, the first flood generates significant coarse bed load during the recession limb, only after the 
rising limb has loosened the structure and winnowed out the fines . 
Reid & Frostick (1987) have shown at Turkey Brook, north of London, that the incidence of bed load 
transport in relation to floods is highly variable . At times bed load may be initiated on the rising limb 
of the hydro graph, at other times no movement occurs until after the flood peak on the recession limb 
of the hydrograph. It is clear from the international literature that transport rates do not follow a 
simple pattern mimicking the flood hydrograph. From a river management perspective, the occurrence 
oflarge-scale bed load pulses presents considerable difficulties for any attempt to sample or predict 
mean bed load transport rates (Goff & Ashmore, 1994). The movement of macropulses has been 
argued as being a major factor in controlling channel change (cf. Lane el al. , 1996). Where bed load 
moves in the form of pulses, actual transport rates may be considerably lower than predicted rates. 
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A further complication in bed load transport is that of velocity reversal. Sidle (1988) has shown that 
during moderate flows, transport competence is greater in the riffle than in the pool and largely sand-
sized particles are transported. As flow increases, the hydraulic gradient of the pool-riffle sequence 
tends to even out and coarse particles become entrained and are subsequently deposited on 
downstream riffles. Keller (1971) suggested that this phenomenon accounted for the areal sorting of 
sediments and the maintenance of pool-riffle sequences. Jackson & Beschta (1982) similarly suggest 
that this results in a 'leap frogging' effect where bed material is moved from riffle to riffle. New 
evidence has shown that this situation is not necessarily found in all pool-riffle sequences (cf 
Knighton, 1998) . 
A conceptual approach is needed that takes account of the two phase transport process that may 
occur in coarse-bedded rivers (cf Beschta, 1981 ; Jackson & Beschta, 1982; Klingeman & Emmett; 
1982; Bathurst, 1987a; Knighton, 1987). Phase Ilral1sport occurs when the flow is below a threshold 
for the breakup of the armour layer and bed load consists of the finer fraction of the bed material 
moving between the coarser fraction (Gomez. 1983; Knighton, 1987). The fractions are small and, 
consequently, bed load transport equations based on the assumption of a uniform sediment size will 
necessarily over-predict the observed volume as they assume that all size fractions are mobile when 
transport begins. In boulder-bed streams, where most transport is Phase I type, Knighton (1987) 
suggests that over-prediction may be several orders of magnitude. 
Phase Illrampart occurs when the flow exceeds a critical value for the movement of the coarse or 
armour layer, or bed macroforms. Under these conditions, it is possible for all size fractions to be 
moved, and therefore sediment supply is unlimited . Parts of the coarse surface layer may be 
maintained and as a result ofthe subtle balance derived from the coarse surface material and from the 
exposure/hiding effect, there is approximately equal mobility for all size fractions . The effect of the 
non-uniform size distribution is then minimal and predictions of bed load transport can be based on 
one size diameter without serious error (Knighton, 1987) Phase II type transport equations occur 
where there is a restricted range of bed material sizes (1-100 mm) and in which sediment moves in 
events much greater than the thresholds needed for bed load transport (Knighton, 1987) These are 
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likely to be gravel-bed rivers and have slopes ofless than 1%. 
Much of the research into bed load transport has been conducted in sand- or gravel-bed rivers with 
a permanent flow. Research into bed load transport rates in ephemeral arid systems has only recently 
made progress. Laronne & Reid (1993) have reported on data ITom a bed load trap in Israel which 
shows that ephemeral rivers can on average transport bed load up to 400 times more efficiently than 
perennial counterparts. They argue that this increased efficiency is due to the different vertical 
structure of the stream bed. While perennial gravel-bed rivers have a well-developed armour layer, 
ephemeral rivers have poorly developed or no armour layers . The lack of an armour layer results in 
a reduction in size-selective transport, and consequently ephemeral rivers may be more effective bulk 
sediment carriers (Reid & Laronne, 1995). This leads to the problem of predicting bed load transport 
in ephemeral streams, as most sediment transport equations are calibrated and designed for sand- and 
gravel-bed rivers (Reid er aI. , 1996) 
4.6 Approache,~ to predicting hed load transport 
There are a number of approaches to predicting bed load transport . These include formulae based on 
shear stress (e.g. DuBoys, 1879), discharge (e .g. Schoklitsch, 1934), stochastic functions for 
sediment movement (e.g. Einstein, 1950) and those based on stream power (e.g. Bagnold, 1980). The 
development of these models are based on certain theoretical considerations that attempt to link bed 
load transport rates to hydraulic and sedimentological properties, empirical observation and testing 
to determine the coefficients and constants on the basis of the available data (Gomez & Church, 
1989) 
The theory behind most bed load transport equations is that there is always a determinant relationship 
between sediment discharge and a dominant independent variable such as flow discharge, flow 
velocity, energy slope or shear stress (cf Yang, 1973 : Bathurst, 1987b: Karin, 1998). The preceding 
discussion has demonstrated that this is not always the case. Part of the problem of relating bed load 
equations to field conditions is that most bed load equations were developed in the laboratory with 
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uniform sized sediments (Yalin, 1963; Bathurst, 1987a). Rhoads (1994a) has pointed to the 
significance of the type of flume in determining incipient motion. In a sediment-feed flume, the final 
equilibrium state is determined by flow and sediment input and is independent of initial conditions. 
In a recirculating flume, the upstream sediment input depends in part on the initial composition of the 
bed material. Thus the equilibrium state is not independent of initial conditions. Further important 
considerations are that all available sizes are assumed to begin to move at the same critical flow 
conditions, that sediment density is uniform, and that negligible movement occurs below this critical 
condition. 
Furthermore, many field based studies of sediment transport are directed towards assessing sediment 
related problems, rather than seeking to evaluate theory. Bagnold (1966) states that the dilemma is 
that no established branch of physics has interested itself in the two-phase flow (fluid-solid) that is 
involved in sediment transport . It follows that the complexity of two-phase flow cannot properly be 
tackled until the intricacies of fluid-flow are mastered, fluid turbulence in particular. The complex 
nature of sediment transport simply cannot be recreated in a flume environment, thus all equations 
developed for sediment transport estimation remain at best estimates. 
Ackers & White (1973) rejected the early preference for using shear stress as the main parameter 
defining a rivers transporting power. They suggested that the total shear on a deformed bed is in part 
composed of along-stream components of the normal pressures on the irregular bed profile. Although 
these pressures may contribute indirectly to sediment motion through suspension, many sediment 
transport equations separate the bed shear into non-transporting form loss, and shear on the grains 
The rate of transport is sensitive to transporting power, and as such inaccuracy in the separation 
procedure gives rise to large prediction errors. Ackers & White (1973) argue that this factor is 
important, as very few natural streams have a plane bed. They suggest that because shear stress is not 
the most rational basis of sediment transport function, stream power should be used instead. 
An alternative approach to predicting bed load transport is to use the virtual velocity method. This 
method uses data of the virtual velocity of the particle movement, dimensions of the active channel 
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layer, and the porosity and density of the bed material (Haschenburger & Church, 1998). Virtual 
velocity is defined as the total distance travelled by individual grains divided by the measurement 
interval - typically the total time of competent flow during a flood event. The fundamental equation 
for the mass transport of bed material is given by: 
Gh =vhd,w,(1 -p)p , . ..... ..... .. ... . . (45) 
where 
Vh is the mean travel rate of the bed material (m h") 
d, is the active depth of the stream bed (m) 
w, is the active width of the stream bed (m) 
p is the fractional porosity of the channel sediment 
p, is the mineral density of the sediment (kg m") 
Haschenburger & Church (1998) were able to show that the virtual velocity method provided good 
results and in general, replicated what is known about sediment transport-flow relations in gravel-bed 
rivers derived from conventional sampling approaches. In particular, they found that the virtual 
velocity approach confirmed the sensitivity of transport to stream power that is typical for gravel 
transport near the threshold for significant transport . Results showed the often quoted 
disproportionate importance of the highest flows in transport which arises from the non-linear 
increase in transport with flow magnitude (Haschenburger & Church, 1998) 
4. 7 Limitations of bed load tran.~port equations 
Despite over a century of work on bed load transport , a satisfactory, universal formula has yet to be 
developed. Gomez & Church (1989) note that there are more transport formulae than there are 
reliable. data sets by which to test them. Reid & Frostick (1987) have stated that even the best known 
predictive equations have not yet been sufficiently developed for universal application to rivers 
outside the one from which they were derived. They ascribe this to two factors . First, each river has 
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a umque hydraulic and sedimentological character. Second, even where complicated bed 
arrangements have been acknowledged (cf Einstein, 1950; Proffitt & Sutherland, 1983), there has 
been a tendency to seek an average response of particles to applied stress. A number of assumptions 
are made when using bed load transport equations. These include 
• that the flow and sediment properties for the period in question are invariant and can be 
described with reference to a steady state; 
that the bed load transport is a unique function of tangible and comprehensive flow and 
sediment parameters; and 
• that the maximum possible amount of bed load is being transported. In other words, that the 
formulae describe an equilibrium state. 
Computed results are susceptible to error stemming from uncertainties in the exact values of the 
hydraulic variables, in particular velocity, depth and slope, which affect calculations of critical shear 
stress and stream power (McLean, 1985). Gomez & Church (1989) have shown that sampling errors 
and conceptual errors may produce errors of up to an order or two of magnitude. Most bed material 
is transported by runoff events in which flows are very unsteady in nature, yet the effect of flow 
unsteadiness on the rate at which sediment is transported remains poorly understood. Despite this, 
all bed load transport equations assume steady unifor.m flow . Furthermore, formulae are derived from 
a restricted data base. This has resulted in a proliferation of bed load formulae rather than a 
consolidation of existing knowledge. The traditional approach has been to calculate the transport rate 
for a single characteristic grain size, for example, the median. This can lead to poor results in bimodal 
bed rivers (Wilcock, 1998) 
As mentioned previously, where a heterogenous bed occurs, only the highest flows are capable of 
moving the entire bed . Even where moderate events occur, only partial sediment transport occurs 
with some sizes in motion and others not. Under these conditions the transport rate for the moving 
size fraction is not directly comparable with the rate for a uniform bed material ofthe same mean size 
as those fi-actions within the bed material. As a result, equations assuming a uniform bed material size 
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will overestimate the observed rate since they assume that once any transport begins, all size fractions 
are in motion. One way of overcoming this problem is to apply the transport equation separately to 
each bed material size fraction and sum the resulting partial transport rates to give the total rate. 
Additional problems are then encountered as the relative effects of the different size fractions in 
impeding or promoting each others' movement and for the effect of bed armouring need to be taken 
into account (Reid et at., 1997). Little progress has been made in this regard . 
4,8 Comparison of bed load tran,~port equations 
Yang (1973) applied the following criteria for evaluating sediment transport equations: the equation 
should be theoretically sound; it should be dimensionally homogenous; it should be thoroughly 
verified by both laboratory and field measurements that cover a wide range of variations in both flow 
and sediment conditions; the parameters used in the equation can be obtained from both laboratory 
flumes and natural streams without much difficulty; and the computations should be simple and 
straightforward. Due to the large number of sediment transport formulae available, it is instructive 
to select a formula most appropriate to the physical conditions of the bed. The suitability of the 
formulae should be judged on the generality of the basic assumptions used and, most importantly, by 
comparison of the bed load discharge prediction with measurement. A number of comparisons for 
accuracy of different formulae have been made. These include White et at. (1975); Alonso (1980) and 
Yang (1984) . Most bed load transport formulae were developed for sand-bed rivers and as such 
should not be applied outside of these conditions (Vanoni , 1964; Grar, 1971 ; Simons & !;)entiirk, 
1977). Fewer equations have been developed for gravel- and boulder-beds, those that exist have been 
reviewed in White et af. (1975); Bathurst et at. (1987) and Gomez & Church (1989). The 
modification of popular sediment transport models to fit local conditions is common (cf Misri el at. , 
1984; Smart, 1984; Bathurst, 1987a; Diplas, 1987; Phillips & Sutherland, 1989; Shih & Komar, 
1990) 
Many attempts have been made to verity bed load transport equations. However, one of the problems 
is that the various approaches can only be tested in relation to one another (Reid el af. , 1997). Three 
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major problems with verification were identified by Gomez & Church (1989): 
• Most attempts at verification have been based on comparing the calculated bed load transport 
rate with the bed load transport rate measured in a flume or a natural stream (Carson & 
Griffiths, 1989) Relatively few verifications refer to channels outside the sand- to fine-gravel 
range. The performance of these formulae has therefore not been assessed with respect to the 
range of grain sizes for which they were ostensibly derived. 
• There is considerable overlap of data employed in the development of many subsequent 
evaluations (cf Ackers & White, 1973; White e/ aI., 1975; Yang, 1973) . The formulae which 
are most reliable were developed on the basis of relatively extensive data. 
• There has been little attempt to select test data which refer consistently to the hydraulic and 
sedimentological conditions that the data specifically purport to describe (i e. steady flow and 
equilibrium transport conditions) 
Gomez & Church (1989) selected ten formulae for testing These were divided into two categories, 
those applicable to sand-bed and those applicable to sand- and gravel -bed rivers . The sand-bed river 
equations tested included Schoklitsch (1934; 1950) and Meyer-Peter & Muller ( 1948) . The sand- and 
gravel-bed equations included DuBoys-Straub formula (Straub, 1935), Einstein (1950), Ackers & 
White (1973), Bagnold (1980) and Proffit & Sutherland (1983) Gomez & Church (1989) found that 
the equations ofBagnold, Einstein and Ackers& White perform best. (For the purposes of this thesis, 
the Yang, Ackers & White and Engelund & Hansen equations were used. Justification for the use of 
these equations are given in Chapter 8). Only the Einstein equation consistently under-predicts the 
river data . Most of the formulae over-predict, possibly as a result of the failure to account for surface 
coarsening in reducing the rate oftransport offine material in gravel-bed rivers with low, overall rates 
of transport . Similarly, they fail to take account of the fact that the whole discharge may not be 
available or utilised for sediment transport (Gomez & Church, 1989) This effect is realised in two 
ways. First, no account is taken of the resistance afforded by bed forms . Second, the use of average 
hydraulic variables (e.g. average velocity) which relate to the entire cross-section, fail to take into 
account the fact that only a portion of the bed may be active at any given time. 
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The complexity of the bed load transport process is such that little real progress has been made in the 
field (Carling ef aI., 1998). Part of the reason for this is that modellers have not taken sufficient notice 
of the role of process in bed load transport. Ashworth ef al. (1992) make a plea for (p. 1895) "the 
need for larger research teams, pooled equipment and expertise, and a focus on taking intensive and 
representative spatial and temporal hydraulic and bed load measurements using a rigorous research 
design". 
4.9 Bed material transport and river management 
Many of the problems associated with river management are related to an inadequate understanding 
of the role of bed material transport in rivers . Changes in the sediment load and/or bed type in rivers 
usually have complex, long-lasting biological consequences (Kondolf & Wolman, 1993; Trimble, 
1997). Surficial bed-material size is often the primary influence on benthic invertebrate community 
composition and density . Bed sediment influences habitat suitability for fish , and to a lesser extent for 
invertebrates that live on or in the bed (ASCE, 1992). 
Human impacts may change the relationship between channel hydraulics and bed sediment size. While 
short-term temporal variations in bed-material type are common, longer-term temporal variations in 
bed type occur infrequently. [fsediment loading is greater than capacity, channel morphology or bed 
type may change. [n coarse-bedded channels, such as boulder-cobble or cobble-gravel-bed streams, 
interstitial voids provide important habitat - the hyporheic zone. [fthese interstitial voids are filled 
or covered by finer material, such as sands and silts, their habitat value is greatly reduced. Human 
activity has been shown to result in hyporheic interstitial sedimentation (ASCE, 1992). It is clear that 
sediment management is an important component of river management. It is only recently, however, 
that sediment management has been considered a part of an environmental flow (Milhous ef al. , 
1994) 
Van Steeter & Pitlick (1998) have shown that flow reductions in the Colorado River have resulted 
in significant channel narrowing, as well as reductions in side-channel areas . Discharges that 
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approximate the bankfull stage are necessary for a clean loose substrate, critical to the reproductive 
success of Colorado squawfish. Narrowing of the channel represents significant losses in potential 
fish habitat. They found that sediment accumulation on the bed can degrade the quality of the 
spawning bars and fill the interstices in the bed where organisms live. These can only be winnowed 
out by moving the protective gravels around them (Pitlick & Van Steeter, 1998) 
Wilcock ef at. (1996a: I 996b ) have shown how flow regulation in the Trinity River has reduced the 
mean annual flood from 525 to 73 m"s" and the 2 year flood from 484 to 30 m"s· ' . Concurrent 
increases in sediment yield from tributaries as a result of road construction and timber harvesting have 
created a sedimentation problem. Little transport of the bed material occurs in the river at flows less 
that 85 m"s" , and no transport of bed material coarser than I mm occurs at typical post-dam minimum 
flows of4 m's" (1961-1978) and 8.5 m's" (I978 onwards) . This has resulted in the encroachment 
of riparian vegetation and a narrowing of the active channel. The active channel has narrowed by 20 
to 60% of its pre-dam width, resulting in a straightened channel and reduced topographic variability 
(Wilcock ef al .. 1996b) 
4.10 Conclusions 
The preceding discussion has demonstrated the significance of bed material and bed material transport 
in fluvial systems. It has been shown that bed material transport is a complex process which is difficult 
to model accurately, particularly in coarse grained, heterogenous beds under unsteady flow 
conditions. Very little real progress has been made either in gaining an understanding of the process 
itself, or in the development of realistic sediment transport models that can be applied to natural 
systems (Carling ef al. , 1998) Furthermore, as long as the physics of bed load transport remains 
incompletely understood, there is no reason to believe that any of the available bed load transport 
formulae will result in accurate results (Gomez & Church, 1989) . 
Nonetheless, when faced with a practical geomorphological problem such as recommending flows 
that will perform a specific sediment transport task (e.g. entraining gravel or maintaining a riffle), the 
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application of highly simplified, imprecise sediment transport models calibrated using empirical data 
is often the only practical path forward . The transport equations should therefore be seen for what 
they are, an approximation of the truth over a limited range of conditions, within the bounds of 
professional practice. It is within this context that the bed load transport equations were utilised in 
this research. 
Chapter 5: The Study Area and Research Design 
5.1 Introduction 
Three rivers were selected for study, the Mkomazi and Mhlathuze in KwaZulu-Natal and the Olifants 
in Mpumalanga. These rivers all drain the eastern sea-board of South Africa and the dominant 
processes are vertical accretion and incision. No true meandering occurs in these systems. The 
Mkomazi was selected on scientific grounds because it is one of the few large un-impacted rivers in 
South Africa with a perennial flow . [A dam is to be built on the river within the next few years 
(Louw, 1 998a)]. The Mkomazi is a cobble-bed river with strong bed rock control. It represents the 
eastern sea-board summer rainfall rivers, many of which are threatened with further developments. 
The other two rivers selected are both impounded rivers with highly regulated flow environments. 
These rivers were the subject of a Ecological Reserve assessment in which the author was involved . 
The selection of sites was constrained by the terms of reference of the Reserve study. Although not 
directly comparable with the Mkomazi River, they nonetheless provided additional rivers and an 
applied context within which the concepts could be further tested . The Mhlathuze is a sand-bed river 
in northern KwaZulu-Natal. It is impacted by the Goedertrouw Dam. Downstream of the dam the 
river flows over Quaternary alluvium and , as such, can be viewed as an alluvial channel quite distinct 
from the Mkomazi. The Olifants River in Mpumalanga is a semi-confined highveld river with strong 
bed rock control and a coarse cobble-bed . It is impacted by a number of dams, including the Witbank, 
Doompoort , Bronkhorstspruit, Premier and Middelburg Dams. Both the Mhlathuze and Olifants 
Rivers formed part of a Reserve assessment. 
S.2 The Mkomazi River 
5.2. 1 Re"iol1al sellill" 
The Mkomazi River drains an area of approximately 4387 km' in KwaZulu-Natal (Figure 5.1) The 
Great Escarpment forms the headwaters of the Mkomazi , and it exits into the Indian Ocean at the 
town ofUmkomaas. The upper catchment geology is fairly simple, with Karoo sequence Elliot and 
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Clarens sandstones capped by Drakensberg lavas. The upper-middle catchment is dominated by 
Tarkastad mudstones and dolerite, while the Ecca and Beaufort Group dominate the middle 
catchment. The lithology produces clay and clay loam soils, which are only moderately erodible 
(Midgley el al., 1994) According to the Surface Water Resources of South Africa (WR90) (Midgley 
el aI. , 1994) the estimated sediment yield from the catchment is around 155 tlkm'/yr for the upper, 
middle and lower-middle catchment. The lower catchment produces an estimated 175-190 t/km'/yr. 
The middle and lower parts of the catchment display a more complex geology. The catchment 
lithology here forms part of the Natal structural and metamorphic province, consisting of granites and 
gneiss. The terrain is faulted, and structural control on the channel is considerable. The geology has 
produced an upper catchment with steep relief, while the middle catchment can be classified as 
undulating. Steep relief in the lower catchment is a function of the underlying lithology. 
The distribution of rainfall is reasonably consistent throughout the catchment, ranging trom nearly 
1300 mm per annum at the headwaters to around 1000 mm per annum in the middle and 900 mm per 
annum in the lower parts of the catchment. Catchment land use is mainly grazing and commercial 
forestry (wattle, pine and eucalyptus). Under natural conditions, the catchment vegetation would be 
dominated by pure grassveld and temperate and transitional forest and scrub, with false grassveld and 
coastal tropical forest dominating the middle and lower catchment. Overgrazing and high popUlation 
densities in the upper-middle and lower parts of the catchment probably produces an increased 
sediment yield, although this remains untested. 
The Mean Annual Runoff(MAR) of the Mkomazi is 1089 million cubic metres (WR90) Most of the 
runoff is generated in the upper part of the catchment, with the lowest 33% of the catchment 
contributing only 14% of the total MAR (WR90). The Mkomazi catchment is in the summer rainfall 
region of South Africa, and consequently most of the discharge occurs during the summer months 
(December to March) . The winter is characterised by low flows (April to OctoberlNovember). The 
average coefficient of variation (CY) for the catchment is 0.41 (WR90). The upper parts of the river 
has a more variable regime, with a CY of up to 0.74 (WR90). The Mkomazi has experienced a 
number oflarge floods . These are usually related to cut-off low pressure systems and appear to have 
an average return period of20 to 50 years. Section 5.3.1 provides more information in this regard . 
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5.2.2 Idellfijicafioll of macro-reaches 
The long profiles of many South African rivers display a diverse form (Rowntree & Dollar, 1996a). 
The long profiles very seldom display a uniform convex or concave profile. This is in part a function 
of tectonic history and climate change, but also of variable lithology. Major breaks of slope are often 
coincident with changes in channel type, bed material and reach type (Rowntree & Wadeson, 1999). 
It is therefore instructive to subdivide the long profile into morphologically uniform reaches - these 
have been termed macro-reaches (Rowntree, 2000). This provides the basis for site selection and for 
extrapolation of sites trom one reach to another (Rowntree, 2000) . Two methods for delineating 
macro-reaches have commonly been used for South African rivers . The first is a technique developed 
by Rowntree & Wadeson (1999) which delineates reaches based on the percentage gradient change 
as measured off a 1:50000 topographical map - generally, where gradient changes of greater than 
50% occur, a reach break is denoted. A second technique is to use the CUSUM plot to identifY major 
breaks of slope. This technique is similar to the previous technique in that it sums the cumulative 
percentage slopes thus making the major breaks of slope easily identifiable. For the purposes of this 
report, both techniques were used to identifY the breaks of slope and good agreement was found 
between the two. Four macro-reaches (Figure 5.2) were identified for the Mkomazi River. Table 5.1 
presents the characteristics of each macro-reach. 
5.2.3 Idellfijicafioll ofsifes 
Within each macro-reach, sites were selected that were considered to best represent the reach 
morphology. Access to the river proved a major problem, and site selection was thus constrained by 
access. Thirteen sites were selected for analysis and where possible each site was surveyed using at 
least three fixed-point cross-sections. At a number of sites, only one or two cross-sections were 
surveyed . This was done where it was considered that one or two cross-sections were sufficient to 
characterise the site. It was not practical to represent each site by a greater number of cross-sections, 
as it was necessary to generate a stage-discharge relationship for each cross-section. This was 
achieved by repeated calibration surveys. The bed material transport modelling for each site relied on 
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hydraulic information, and could not be started before the stage-discharge curves were computed 
It was therefore necessary to limit the amount of cross-sections at each site to maximise efficiency. 
It is considered that the surveyed cross-sections adequately represent the sites, and in total twenty-
eight cross-sections were surveyed for the Mkomazi . Chapter 7 will discuss the site surveys in more 
detail. Appendix A presents the cross-sectional data, sketch map and photograph of each site. 
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1"ahle 5. I: Characteristic.< of the Mkomazi River. 
Macro-reach Characteristics Average 
Gradicnt 
I Confined valley. Low population density . Cobble-bed foothill s to 00073 
(2850m to 1020m) mountain stream zone with cobble-bed channel characterised by 
plane beds. step pool morpholog\·. rapids and pools . Floodplains 
generally absent. but lateral depositional bench features occur. 
2 Confined to semi-confined valley. Moderate population density with 0 .0046 
(I 020m to 840m) extensive cultivation. Irregular channels with infrequent islands. 
cobble-bed foothills zone with gravei- and cobble-bed river. Pool-
riffle or pool-rapid morphology. locally bed rock controlled. Narrow 
floodplain of sand and gravel rna\" be present. 
3 Confined to semi-confined valley. cultivation on floodplain areas . 0.0213 
(840m to 400m) Commercial farming of timber and livestock. Mainly single channel 
with well developed lateral bars. From 620 metres the channel goes 
into a gorge with an anabranching channel. Mixed pool-riffle or 
pool-rapid morphologies in lower gradient reaches. bed rock or 
boulder/ large cobble dominated channels in steeper sections. Rapids. 
cascades and bed rock controlled pools common. 
4 Confined to semi-confined valley . Many small I" and 2"" order 0.0037 
(400m to sea levell tributaries . High rural population densities . Anabranching chmmcls 
common. foothill zone has mixed alluvial bed rock channel. pool-
riffle morphology. sand or gravel bars . 
Geology Site 
numbers 
Shales and 1.2.3.4 
mudstones with 
dolerite 
intmsions 
Shales and 5.6.7 
mudstones with 
dolerite 
intrusions 
Shales and 8.9 
mudstones with 
extensive 
dolerite 
intrusions 
Instnlsive 10. 11 . 12. 13 
granites with 
sedimentary 
sequences 
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5.3 The Mhlathuze River 
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The Mhlathuze River drains an area of approximately 4209 km' in northern KwaZulu-Natal (Figure 
5.3). The Mhlathuze rises at about 1280 metres around Babanango and discharges into Richards Bay 
harbour. The geology of the area is complex. with faulting and thrust faulting impacting on the 
traverse of the ri ver. The upper catchment geology is dominated by Dwyka tillite. The lower part of 
the upper catchment consists mainly of Natal Structural and Metamorphic province rocks such as 
wanite. quartzite and basaltic lava. The middle catchment consists mainly of sedimentary rocks of the 
Ecca group. with Vryheid. Volksrust and Pietermartizburg formations occurring. The lower 
catchment is dominated by Quaternary sands. Weathering of the quartzites. tillites and granite 
produces mainly sand-sized material. resulting in a predominantly sand-bed channel. Estimated 
sediment yield from the sub-catchments range from 27 t/km'/yr to 216 tlkm' /yr with an estimated 
average sediment yield of 160 t/km'/yr (WR 90) Catchment land use includes commercial wattle. 
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pine, eucalyptus and sugar cane production. The highly faulted middle terrain affects considerable 
structural control on the channel. The impact of this can be seen in the numerous orthogonal turns 
on the river . Mean annual rainfall distribution in the catchment varies from 870 mm in the upper and 
middle catchment to around I 100 mm in the lower catchment. The Mhlathuze forms part of the 
summer rainfall region of South Africa. Most of the rainfall (and hence discharge) occurs during the 
summer months (December to April), however the seasonal distribution offlow is not as marked as 
it is for the Mkomazi River. 
The Mhlathuze has been impounded by the Goedertrouw Dam which was completed in 1979. The 
Goedertrouw Dam is an 8 I -metre high earthfill embankment dam with a maximum surface area of 
12 km' and a maximum storage capacity 002 I x I Ohm'. This dam has had a significant impact on the 
flow regime of the Mhlathuze River. The virgin MAR of the Mhlathuze River has been estimated to 
be 362 million cubic metres (Hughes & Smakthin, 1998) The Mhlathuze has a very high CY of 0.934 
(WR90). This is due to the geographical location of the Mhlathuze catchment in northern KwaZulu-
Natal, an area subject to heavy and prolonged rains due to the frequent (once every 20 years or so) 
occurrence of cut -off lows which result in large floods . These cut-off lows are specific types ofJow-
pressure systems which are strongest in the upper troposphere and are associated with strong uplift 
and the occurrence of widespread rain on their eastern sides (Tyson, 1986) The northern parts of 
KwaZulu-Natal are particularly prone to this meteorological phenomenon. The Mkomazi catchment 
which is further south, is also impacted on by cut-off lows, but not as frequently . The construction 
ofthe Goedertrouw Dam has reduced the virgin MAR to around 217 million cubic metres per annum 
(Hughes & Smakthin, 1998) It has also resulted in the attenuation of flood peaks and higher flows 
(van Bladeren, 1992). This will be discussed in greater detail in Chapters 6 and 10. 
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5.3.2 fdelll!ficalioll l?f macro-reaches 
Four macro-reaches were identified using a combination of the CUSUM plot and the percentage 
gradient change. Table 5.2 displays the characteristics of each macro-reach . Figure 5.4 displays the 
long profile of the Mhlathuze River. 
5.3.3 fdelll!ficalioll o(sites 
Four sites were selected to represent the macro-reaches. The terms of reference of the Ecological 
Reserve assessment were that all the sites should be located below Goedertrouw Dam (Louw, 1998b) 
(Figure 5.3). Site 1 is approximately 25 kilometres below the dam. No major tributaries join the 
Mhlathuze between the dam wall and Site I. Site 2 occurs some 35 kilometres downstream of Site 
1. Between Site 1 and Site 2, a major tributary, the Mfule River joins the Mhlathuze. The Mfule is 
also a sand-bed channel. Site 3 is a further 35 kilometres downstream of Site 2. No major tributaries 
join the Mhlathuze between these two sites. Site 4 is approximately 15 kilometres downstream of Site 
3, just upstream of a major tributary input, the Nseleni. It is important to point out that Site 4 is an 
artificial channel that was cut by the Port authorities at Richards Bay to accommodate the 
development of Richards Bay harbour (Dollar, 1998b). Site 1 has multiple channels with different 
water elevations. This necessitated the surveying of six cross-sections to ensure accurate hydraulic 
calculations. Sites 2, 3 and 4 were simple sand-bed channels, and were therefore only represented by 
one cross-section at each site. Appendix A presents the cross-sectional data, sketch map and 
photograph of each site. 
Table 5.2: Characteristics of the Mlt/athaze River. 
Macro-reach Characteristics Average 
gradient 
I Confined valle,' with a mountain stream and a bed 0.0373 
(1280m to 1080m) rock and cobble-bed channel. No floodplain is present 
but lateral depositional features occur in a few places . 
2 Confined valley with no floodplain present. The 0.0126 
(1080m to 820m) topography is undulating . 
3 The boundary between macro-reach 2 and 3 is 0.0215 
(R20m to 180m) coincident with the faulting of the sedimentary and 
volcanic rocks . The gradient is generally steep and is 
associated with resistant lithologies and periods of 
tectonic re-adjustment. The reach. although steep. 
displays a remarkable number of depositional features . 
4 The boundary bet\\een macro-reach 3 and 4 is 0.0096 
( 180m to sea level) coincident with thmst faulting of sedimentary rocks 
associated with the Natal s tnlctural and metamorphic 
province. Rapid gradient changes arc common in this 
macro-reach as a result . Below the Gocdcrtrouw Dam, 
remarkable changes occur in channel type from a pool-
rapid channel typc to a sinuous single thread channel. 
Channel narrowing and vegetation encroachment is 
evident. The depositional features that are common in 
macro-reach 3 arc no longer evident. 
Geology 
Dwyka tillite 
Natal stmctural and 
metamorphic province 
rocks including granite. 
quartzite and basaltic 
lavas 
Sedimentary rocks of the 
Ecca Group. including 
V ryheid. Volksmst and 
Pietermaritzburg 
formations 
Sedimentary and intrusive 
rocks associated with the 
Natal stmctural and 
metamorphic province 
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Figure 5.4: Long profile of the Mhlathuze River. 
5.4 The OIifimt.~ River 
5. -1.1 Regiollal selflllg 
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The Olifants River is a highveld river that drains the Gauteng and Mpumalanga provinces of South 
Africa before entering Mozambique to the east and exiting into the Indian Ocean (Figure 5.5). For 
the purposes of this thesis only the upper Olifants catchment will be considered. The upper Olifants 
River above Loskop Dam drains an area of approximately 10 841 km' . The upper Olifants catchment 
has three main stems. the Wilge to the west (4356 km'). the Klein Olifants to the east (2391 km') and 
the Olifants proper (4094 km'). The upper Wilge. Olifants and Klein Olifants drain a flat . gentle relief 
plateau underlain by Vryheid formation Karoo sequence rocks. In the middle parts of the catchment. 
the channels are incised into the ancient basement rocks of the Transvaal sequence (mainly Pretoria 
group quartzite. shales and granite. Rooiberg group rhyolite and sandstones) and the Bushveld 
Igneous Complex (BIC). The geology of the area has a considerable impact on the structure and flow 
direction of the river. The country rocks are intruded by dolerite and diabase dykes and sills. The flat 
relief and basement geology in the upper parts of the catchment are associated with shallow. sandy 
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soils, while the undulating relief in the lower parts of the catchment is associated with moderate to 
deep clayey loam soils . The soils are only moderately erodible. The grassveld and false grassveld 
produces a good vegetation cover. This results in moderate to low estimated annual sediment yield 
for the catchment of approximately 45 tlkm'yr'(WR90) . 
The gross channel structure and planform is to a large extent determined by bed rock . A number of 
lineaments and faults cross the river, forming local gradient changes. Where the river is incised onto 
the more resistant lithologies, significant structural changes occur in the channel and in the long 
profile. Resistant bed rock outcrops create local downstream steepening, but also result in an 
upstream decrease in gradient, reducing channel energy and creating areas for sediment accumulation . 
A number ofknick-points and abandoned plunge pools along the course of the Olifants attest to the 
incised nature of the channel. Mean annual rainfall in the catchment varies between 600 and 700 mm, 
with mean annual potential evapotranspiration ranging from 1500 mm in the east of the catchment 
to around 1700 mm in the west. 
The hydrology of the Olifants River is described in terms of the three main-stem tributaries for virgin 
conditions. This is because there is insufficient information on the operation of the dams, water 
abstraction for irrigation, return flow from effiuent treatment works and land use change impacts to 
model the present-day conditions. The Wilge River (Site 4) has an MAR of 167 million cubic metres, 
with a ev of 0.73. The Klein Olifants (Site 3) has an MAR of81 .6 million cubic metres, with a CV 
of 0.72 . The Olifants proper (Sites I and 2) has an MAR of449 million cubic metres, with a eVof 
o 70. The Olifants system falls in the summer rainfall area of South Africa Consequently, most of the 
discharge occurs during the summer months (November to February). The high CV indicates that the 
Olifants is a highly variable system, with high magnitude, short duration storm events which are 
concentrated in rapidly rising and receding flow events (Hughes, 2000). 
The Wilge River is impounded by two major dams, the Bronkhorstspruit Dam and the Premier Dam. 
The Bronkhorstspruit Dam is a 30-metre high arch/earthfill combination dam nearly 80 kilometres 
upstream of Site 4. It was completed in 1950 and has a surface area of nearly 9 km' and a capacity 
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of 59.4xlO"m'. Downstream of the Bronkhorstspruit Dam is the 9-metre high Premier Dam. It is a 
concrete gravity dam which was completed in 1909 with a surface area of 0.60 km2 and a capacity 
of 5.036x 106m' . Site 4 is approximately 40 kilometres downstream of Premier Dam. The main 
Olifants stem is regulated by two dams, the Witbank Dam and the Doornpoort Dam. The Witbank 
Dam is a 9-metre high earthfill dam with a very small capacity and surface area . Just downstream of 
the Witbank Dam is a much larger dam, the 9-metre high earthfill Doornpoort Dam, with a capacity 
of5 .7xI0·m' and a surface area of 0.10 km'. The Doornpoort Dam was completed in 1924. Site 1 
is 15 kilometres downstream ofDoornpoort Dam. The Klein Olifants River is impounded by the 27-
metre high concrete buttress Middelburg Dam. The dam has a surface area of 4.7 km2 and a maximum 
capacity of 48.4x 106m' . Site 3 is approximately 45 kilometres downstream of Mid del burg Dam. Site 
2, which is the lowest site on the Olifants system is thus regulated by five impoundments. These 
impoundments have been in place for some time (over 50 years) and have had a major impact on the 
flow regime of the Olifants system. 
5.,/.2 Identification of macro-reaches 
Four macro-reaches have been determined for each of the three main-stem tributaries of the upper 
Olifants catchment (Figures 5.6 to 5.8). The macro-reaches were determined from an analysis of the 
long profile, geology and gradients from the 1:50 000 topographical sheets and the 1:250 000 
geological maps. A CUSUM plot was used to determine the major breaks of slope for each of the 
three main-stem rivers of the upper Olifants. Tables 5.3 to 5.5 display the characteristics of each 
macro-reach. 
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7t/hle 5.3: Characteristics of the VIi/ants River. 
Macro-reach Characteristics Average 
gradient 
I No infornlation is available. 0.0223 
(178010 to 1670m) 
2 The reach has low relief. and this is reflected in the channel type 0.0026 
(167010 to 157(10) which is mainly sinuous single thread . At the lower end of the reach. 
the Doornpoort and Witbank Dams are underlain by Selonsrivier 
formation sandstone and quartzi te. TIle channel is partially controlled 
by bed rock . Bank erosion is a significant source of sediment. 
3 The country rock is intruded by diabase (metamorphosed dolerite) 0.0098 
(1570m to 123010) and diabase dykes and sills which strike across the Olifants resulting 
in significant gradient adjustments . These sandstones have been 
defonned . There are numerous structural controls on channel fonn 
and pattern. including faults and joints. The Olifants has exploited 
lines of weakness which has deternlined the traverse of the channel. 
Variable rock hardness has resulted in a pool-rapid channel type. The 
more resistant lithologies producing rapids and creating hydraulically 
controlled upstream pools. 
4 Therc arc a number of knick-points along this stretch (one bcing 0.0047 
(1230m to IOOOm) Kanongat) . These arc likely structural knick-points (rather than 
tectonic or cyclical knick-points). but have served to allow the 
Olifants to adjust to different base-levels . TIle boundary between 
macro-reach 3 and macro-reach 4 is probably such a knick-point. 
Given the nature of the bed rock. the channel type is pool-rapid . 
Geology 
Pennian age 
Vryheid 
fonnation 
interbedded 
sandstones and 
shales 
Mogolian age 
Wilgerivier 
fonnation 
sandstone. 
dolcritcs and 
diabase 
Mogolian age 
Wilgerivier 
fornmtion 
sandstone. 
doleritcs and 
diabase 
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Table 5.4: Characteristics of the Wilge Rh'er, 
Macro-reach Characteristics Average 
gradient 
I The channd structure of the Wilge River is controlled by the 0 .0223 
(1770m to 143(01) underlying bed rock, and its post-depositional formation such as 
faulting and weathering along joints. The gorges are incised into 
Wilgerivier sandstone and quartzite. 
2 This reach is underlain by Vaal ian age Pretoria group sediments 0.0004 
(143001 to 1360m) consisting of quartzite, shales and subgraywackes . Also present is 
diabase . This is reflected in the charmel type for the reach which is 
sinuous single thread . 
3 This reach is underlain by Mogolian age Waterberg group 0.0003 
(136001 to I 170m) sediments consisting ofWilgerivier sandstones . There are 
numerous structural controls on the channel form and pattern, 
including faults and joints. As the river traverses the Wilgerivier 
sandstones, lines of weakness have been e"ploited which have 
determined the direction of the channel. Structural control of the 
channel in this macro-reach is considerable. Variable rock hardness 
has resulted in a pool-rapid channel type. The more resistant 
lithologies producing rapids and creating hydraulically controlled 
upstream pools . 
4 This reach is underlain by Waterberg group Lebowa granites . 0000 I 
(117001 to IOl)Om) Granite is e"tremely resistant to weathering and very little jointing 
occurs, hence the flatter topograph\' . Sinuous single thread 
channels dominate together with mixed anabranching channels . 
Geology Site 
numbers 
Wilgerivier 0 
sandstone and 
quartzite 
Pretoria group 0 
quartzite, shales and 
subgra~wackes and 
diabase 
Wilgerivier 4 
sandstones 
, 
Lebowa granites 0 
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Table 5.5: Lnartlcteristics of the Klein Oli/ants Ri,·er. 
Macro-reach Characteristics Average 
gradient 
I No information is available. 0.0117 
( 1700m to 1630m) 
2 No information is available. 0.0037 
(1630m to 1585m) 
3 The reach is one of low relief and strong bed rock control. 0.0035 
(1585m to 1<l40m) The channel type is mixed. ranging from sinuous single 
thread to pool-rapid . Bank erosion is an important source of 
bed material. 
<I Macro-reach 4 is underlain by Wilgerivier sandstones and 0.0049 
(14<10m to 1250m) quartzite as \\ell as diabase and diabase dykes and sills . This 
has resulted in a pool-rapid channel type . 
Geology Site 
numbers 
0 
0 
Selonsrivier 0 
sandstone and 
quartzite as 
well as 
diabase 
Wilgerivier 3 
sandstones 
and quartzite 
as well as 
diabase dykes 
and sills 
(') 
:T 
'" 1% 
~ 
'J' 
;l 
" 
'" ;:, ,~ 
'" 
-, 
" 
'" ~ 
-, 
[; 
" 
'" g. 
t:c 
" ~. 
" 
"0 
~ 
00 
'" 
Chapter 5 : The sludy area and research design Page X7 
5.-1.3 Idellli(icalioll o(.I'ile.l' 
The analysis of the Olifants formed part of an Ecological Reserve assessment (Louw, 2000). The 
terms of reference of the Reserve assessment were that one site be located on the Wilge River, one 
site be located on the Klein Olifants and two sites be located on the Olifants River (Figure 5.5). The 
four sites were surveyed with a minimum of three cross-sections per site. All the chosen sites are 
located at the lower end of the upper Olifants catchment, and hence represent mainly pool-rapid 
channel types. Site I and Site 2 are in transitional zones, with Site I representing a reach that 
constitutes mainly a single thread sinuous channel. Site 2 is in a reach classified as pool-rapid but is 
transitional to single thread sinuous. Site 3 and Site 4 are pool-rapid channel types. Appendix A 
presents the cross-sectional data, sketch map and photograph of each site. 
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5. 5 Re.~e(lrch de.~ign 
The thesis has two major foci : the research system (the Mkomazi River) and the appl ication systems 
(the Mhlathuze and Olifants Rivers) The method and results sections are presented in this context. 
Figure 5.9 presents a flow diagram which illustrates the project research design. As mentioned 
previously the Mkomazi Ri ver was used as the main study river, where the techniques to determine 
the magnitude and frequency of channel forming flows were developed. The Mhlathuze and Olifants 
Rivers were selected for pragmatic reasons, but also to test the methods developed for the Mkomazi 
on two impounded systems. 
FIELD SURVEY 
HYDROLOGY 
CROSS-SECTIONAL FORM _ .. , .. - BED MATERIAL I 
FLOW DURATION CURVES 
CHANNEL HYDRAULICS 
EVENT BASED 
SEDIMENT TRANSPORT 
LONG TERM 
SEDIMENT TRANSPORT 
FLOOD FREQUENCY CURVES 
FEEDBACK FOR 
'---- FLOOD FREQUENCY CURVES DOMINANT DISCHARGE 
& EFFECTIVE DISCHARGE 
Figure 5.9: Flllw (Iiagram indicating the .~tructure II/the research. 
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The remainder of the thesis is structured as follows and illustrates the research design. Chapter 6 
presents the methods and results of the hydrological data that were used in this research. Daily time 
series were required at each site to generate flow duration curves and flood frequency curves 
(Chapter 6) These were used in conjunction with the information from the field survey of channel 
cross-sections, bed material characteristics and hydraulic computations for each of the rivers (Chapter 
7) to generate bed material transport rates (Chapters 8, 9 and 10). The generation of bed material 
transport rates allowed for the determination of effective and dominant discharge for each cross-
section for each site for each river. This was then related back to cross-sectional for.m and hydrology. 
This infor.mation was synthesised to develop an understanding of the magnitude and frequency of 
channel forming flows and environmental flows for selected southern African rivers (Chapter II) . 
5.6 Summary and conclusion .• 
The preceding discussion has presented an overview of the rivers that were selected for analysis. The 
rivers represent examples of different channel types that occur in the southern African landscape. 
These channels reflect a range of rivers, from an un-impacted semi-confined cobble-bed channel 
(Mkomazi), to a highly impacted alluvial single thread channel (Mhlathuze) to a semi-confined bed 
rock controlled channel (Olifants) . The sites selected within each river were systematically chosen to 
be representative of different channel types associated with particular macro-reaches. The rivers were 
surveyed and studied in a manner that would achieve the research objectives as outlined in Chapter 
I . The following four chapters present the methods and results of the research . 
Chapter 6: Hydrology 
6.1 Introduction 
The main aim of the hydrological analysis is to generate representative daily time series for each of 
the selected sites on the Mkomazi. Mhlathuze and Olifants Rivers . Daily time series were necessary 
as the bed material transport modelling presented in Chapters 9 and lOis based on the I-day daily 
flow duration curve. This chapter will present the methods. techniques and results of the hydrological 
analysis for the three rivers concerned . As a large volume of daily data was generated for 21 sites. 
it is impractical to display all the infonnation. Much of the data is thus presented in Appendices B to 
D which are available at the back of the thesis . 
There are two main sources of hydrological data in South Africa. The first is primary data trom the 
Department of Water Affairs and Forestry (DW AF). and the second is secondary data trom the 
Surface Water Resources of South Africa 1990 (WR90) (Midgley et al. . 1994). WR90 provides 
virgin monthly modelled data based on the Pitman model for quaternary catchments and therefore 
serves as a useful reference for total flow volume and monthly flows. However. it is not useful for 
daily flow data. 
6.2 The Mkomad Rb'er 
6.2.1 Data avai lahi Ii ty 
The Mkomazi River in KwaZulu-Natal has its source in the southern Drakensberg. There are two 
streamflow gauges for the Mkomazi with flow records dating from 1960: an upper gauging station. 
V I H005. gauging 1744 km' and a station close to the mouth. V I H006. gauging 4349 km'. These 
records are stationary and are of good quality. The data used in all cases can be considered to 
represent natural flow conditions in the catchment. There is a problem with extreme high flows. 
especially at the lower station which has a very low Discharge Table Limit (DTL) . U IH005 has a 
DTL of637.8 m"s" and has been overtopped only once since 1960. VI H006 has a DTL of226 m's" 
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and has been overtopped 35 times since 1962. The high flows must therefore be treated with 
circumspection. Monthly flow data for virgin flow conditions are available for a 70 year period (1920-
I 990) from WR90 . WR90 has divided the Mkomazi catchment into 12 quaternary sub-catchments. 
These quaternary catchments were used to check and calibrate the daily data generated for each of 
the sites. These detail s will be discussed later in the chapter. 
The I-day daily flow duration curves for U I HOOS and U I H006 clearly indicate the similarity in the 
hydrological regime of the two sites (Figure 6. I) . However, U I H006 demonstrates a slight increase 
in the maintenance of low flows during drought periods compared to U I HOOS (flows equalled or 
exceeded more than 90% of the time). Analysis of the seasonality of the flows demonstrates that these 
differences are more pronounced during the dry months of the year. This is an indication that , at the 
lower end of the Mkomazi, the regime is more base-flow driven . By inference then, the upper end of 
the Mkomazi is probably more flashy This assumption was used to estimate the shape of the target 
daily flow duration curves. 
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Figure 6.1: I-day dailyflow duration cun·esfor UIH005 01111 UIH006. 
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6.2.2 Selection (if appropriate calihration stations 
This section describes the data and techniques used to generate the representative daily streamflow 
time series at each of the thirteen selected sites for the Mkomazi River. Figure 5.1 shows the location 
of the flow gauging stations in relation to the sites selected for analysis. There are a number of ways 
to generate at-a-station daily time series, these include stochastic and deterministic mode11ing. 
However, these models require detailed information on catchment soils, vegetation, antecedent soil 
moisture indices and so on . This level of information is not available for the Mkomazi catchment and 
for this reason, a different approach was adopted. 
The technique used is an adaptation of the one used to generate flow data for Ecological Reserve 
assessments. The model uses an algorithm to patch and extend (if necessary) observed time series of 
daily streamflow. A full description ofthe model has been published (Hughes & Smakthin, 1996) The 
technique is based on typical flow duration curves and on the assumption that flows occurring 
simultaneously at sites in reasonably close proximity to each other correspond to similar percentage 
points on their respective flow duration curves. Figure 6.2 displays the technique in graphical form . 
The technique involves identifying the percentage point position of the source site's streamflow 
(Figure 6.2b) on the source site ' s flow duration curve (Figure 6.2d), and then reading off the flow 
value for the equivalent percentage point from the target site' s flow duration curve (Figure 62d) The 
weighted average of the target site flow value is then assumed to be the target site's flow value. The 
technique is based on two steps 
• 
• 
the generation of source flow duration curve tables for source and target sites; 
the simulation of the time series using target flow duration curves for each site . 
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6.2.3. I Regionali si ng the flow data 
In order to run the model, source daily time series and target daily flow duration curves were 
required . The daily time series for U I HOOS and U I h006 were used as the source daily time series. 
The target daily !low duration curves were more problematic. The following technique was used to 
generate them . Twelve stations in and around the Mkomazi were selected for analysis. These stations 
were chosen on the basis of their length and reliability of record, and proximity to the target sites. 
Daily flow data were obtained from DW AF and were imported into a hydrological package HYMAS 
(Hughes & Smakthin, 1996) For each of the twelve stations, a I -day daily flow duration curve was 
generated. The !low duration curves were then regionalised to compare the shape of the I -day curve 
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with the shape of the I-day curves for the Mkomazi gauging stations. The procedure used was as 
follows: the average daily flow (in cubic metres per second) was calculated : 
AveraRe daily flow (ADF)- (MAR* I 000) 
(365 *24*36) 
where 
MAR is the Mean Annual Runoff in million cubic metres 
and regionalised 
Q 
ADF 
where 
(6 I) 
(62) 
Q is the discharge for a given point on the flow duration curve in cubic metres per second 
Using this method it was possible to determine which flow stations produced similar shaped flow 
duration curves to the Mkomazi River. Figure 6.3 demonstrates that the curves generated for stations 
U7H007, V2H007, V2H005, V7HOI6, V7H017, T5H002 and T5H007 all plot very close to UI HOOS 
and UI H006, i.e. between the I % equalled or exceeded and the 90% equalled or exceeded flows. 
Those stations that plotted with a different shape (T5H003 and T5H005) to the two stations for the 
Mkomazi were excluded from further analysis . For the purpose of this study, the low flows (those 
flows equalled or exceeded 90% of the time or more) are of little consequence, as these do not 
generate sufficient stream power or shear stress to have any impact on channel form or bed material 
transport . The high flows are of greater significance. Simulating high flows in South Africa is 
problematic as South African flow gauging stations are very poorly calibrated for high flows and are 
often overtopped, resulting in poor flood peak estimates. 
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Table 6. I: Flow gauging stations arountl the Mkomazi catchment 
. . - . - -.~ ... 
Station RiYcr Years MAR ADF Coefficient Area 
(lO'mJ) (mJ/s) of variation (km') 
U7H007 (Beaulieu Est"te) LO\11 196,\- 1999 HI8 0.7.\ 0.598 11,\ 
V2H007 (Bro"dmoor) Hlmikulu 1972-1999 32 .27 1.02 0.538 109 
V7H0 16 (Dr"kensberg) Ncibidwane 1976-1999 .\8.30 1.53 0..\.\2 121 
V2H005 (The Bend) Mooi 1972-1999 115.25 3.65 0..\61 260 
V7H017 (Drakensberg) Boesmans 1972-1999 1.17 .90 .\ .37 0.,\28 276 
T5H002 (Nooitgedacht) Bisi 1960-197.\ ISH .\ .88 11.383 867 
U I H005 (Camden) lV1komazi 1960-1999 635.58 211.15 0..\68 1744 
T5H007 (Bezweni) Mzimkulu 1956-1978 957.1 311.35 11.360 3586 
U I H006 (Delos Estale) Mkomazl 1962-1999 10D. 17 32.76 0.446 4349 
6.2.,/ Generating larget dailyflow dllration cllrves 
Once the percentage points of the I-day daily flow duration curve were determined for each of the 
regional stations, the ratio between each percentage point and the lower percentage point was 
calculated. For example, for station U7H007, the 0 10% q/adfis 1986, and the 0.0 I % q/adfis 57.96 . 
This gives a ratio of2. 92, i.e. the flow equalled or exceeded 0.01 % of the time is 2.92 times the size 
ofthe flow equalled or exceeded o. I 0% of the time (Table 62) This gave an indication of the relative 
sizes of the flows in relation to one another. However, it is clear from the evidence presented in 
Figure 6.3 that although the curves from each of the flow stations overlap between the 1.1 and 90lh 
percentile, the two stations that gauge the smaller catchments and have a lower mean daily flow, al so 
have a 'flashier' hydrological regime as measured by the coefficient of variation (CV) (Table 6.1) 
This is also reflected in the ratios between the percentage points between the I % and 0. 1 % and the 
0.1% and 0.01% equalled or exceeded range. This would suggest that in this region, smaller 
catchments in the upper parts of the drainage basin have a ' flashier ' type hydrological regime, while 
the lower parts of the systems tend to be more base flow dominated with a less 'flashy' high flow 
regime. 
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6.2.4 .1 Generating the scaling factor for the target daily flow duration curves for sites I to 10 
The target daily tlow duration curves needed to be adjusted to accommodate the flashier nature of 
the upper catchment as well as the base-flow driven nature of the lower catchment. In the HYMAS 
model, the target daily time series is accommodated by utili sing a scaling factor. To generate the daily 
time series for sites I to 10, the source fl ow data was taken to be the daily series for U I HOOS, as 
these sites were closer to U I HOOS than U I H006. For sites with an MAR less than 70, the average 
of the ratios for U7H007, V2H007, V7HO 16 and U I HOOS were used to downscale (sites I to 4) the 
target daily flow duration curve for the 0, I and 0.0 1 percentiles, For the I to 99 .99 percentiles, the 
target daily flow duration curve was downscaled using the ratio of the site 's MAR to the MAR of 
U I HOOS . The MAR of each site was calculated using the available data from the quaternary 
catchments from WR90 and the catchment area for each site (measured using the 150 000 
topographical map). 
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To generate the daily time series for sites 5 and 6, the source flow data was taken to be the daily 
series for U I HOOS, as U I H005 is within two kilometres of each of these sites. The ratios for U I HODS 
were used to downscale the target daily flow duration curve for the 0.1 and 0.0 I percentiles. For the 
I to 99.99 percentiles, the target daily flow duration curve was downscaled using the ratio of the 
site ' s MAR to the MAR ofU I HODS. The MAR of each site was calculated using the available data 
from the quaternary catchments from WR90. For sites 7, 8, 9 and 10 the same technique was used , 
but the scaling was in the upward direction. In this way, daily time series were generated for sites 1 
to 10 for the Mkomazi River. The daily time series are available in Appendix B at the back of the 
thesis. Figure 6.4 displays two examples of the daily time series for the Mkomazi River. Figure 6 .5 
displays examples of the I-day daily flow duration curves for four sites for the Mkomazi River. 
6.2.4 .2 Generating the scaling factor for the target daily flow duration curves for sites II to 13 
To generate the daily time series for sites I I to 13 , the source flow data was taken to be the daily 
series for U I H006, as these sites are closer to U I H006 than U I H005 . For sites draining greater than 
70 MAR, the average of the ratios for V2H005, V7HOI7, T5H002, T5H007 and U IH006 were used 
to downscale the target daily flow duration curve for the 0.1 and 0.0 I percentiles. For the I to 99.99 
percentiles, the target daily flow duration curve was down scaled using the ratio of the site's MAR 
to the MAR of U I H006. The MAR of each site was calculated using the available data from the 
quaternary catchments from WR90. In this manner, daily time series were generated for sites I I to 
13 for the Mkomazi River. (Table 6.3 presents the flows for the I-day daily duration curves that were 
used to generate the daily time series for each site. The daily time series for all sites are presented in 
Appendix B at the back of the thesis) . 
Table 6.2: RegionaljTolV gauging stations around the Mkomazi catchment. 
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6.2.5 Floodfreqllellcyallalysis 
The daily time series generated for each site were used to generate flood frequency curves using the 
annual and partial series. Standard techniques were applied (cf Dunne & Leopold, 1978; Gordon el 
al., 1992) . The cutoff for the partial series was taken as the smallest annual flood for the period of 
record. It must be noted that the flood frequency analysis was based on mean daily flows and not the 
peak flows. Instantaneous peak flows are simply not available as these flows often exceed the 
Discharge Table Limit (DTL) of the flow gauging stations, as previously explained . However, it is 
argued that given the focus of the research and the importance of modelling bed material transport, 
average flow conditions better represent long-term sediment transport patterns. This does not negate 
the significance of instantaneous peak discharges, these will be dealt with in Section 6.2.6. It is not 
practical to display all the data for the flood frequency analysis. Examples of the analysis are provided 
in Figures 6.6 and 6.7. The bulk of the data are presented in Appendices C and D. 
6. 2. (; Hisloricalflood record,' 
Historical flood records for the Mkomazi River have been compiled by van Bladeren & Burger (1989) 
and van Bladeren (1992). These records were compiled using a combination of historical records, 
hydraulic modelling using the slope-area method and cross-sectional data . Table 6.4 presents the data 
in summary form. Van Bladeren (1992) demonstrated that the inclusion of the historical record has 
a significant impact on the frequency distribution of the gauged data. Results indicate that calculating 
historical flood data may provide more realistic flood estimates. These records serve as useful 
information and will be utilised in the discussion of results . 
o 
~ <l. 
~ 
t 
~ :t: 
'" 
~ 
~
Of 
..c: 
U 
!""_. 
~l~ II 
')o)l I' 
III~ I 
Lh,;: 
)( 1£ f 
l~'o ~ 
«.Il'l 
II~;: I' 
01)«;:1 
L;:;: Itl 
)(It)(;: 
to;: <It 
')!U~l( 
;:II~ Ilfl 
m;:;:tf 
IIltL'M 
11ft I ;:11 [ 
fl "liS 
OO'UOI 
;:L~ II 
Jt~lll 
')lit I 
)oCtll;: 
11(') f 
.u • .; 
~.;:<) ') 
li~l (I 
;:!!9;:1 
':t'1JlI[ 
tfl If;: 
9ft. yt" 
'foil tlf 
illl tl;: I 
'Mit (Itt 
IILL f'I" 
Ill':'; [Ill 
i:l"'IS 
8S'9WI 
n-";" ;:f.;o (]oil':" 
O;:L I) ':Ill II tL'1 II 
lIt I IlI\ I 1;:1' 1 
IILl ;: IlL ;: fn': ;: 
~'lit I l;:t f ;:l;: f 
!ITt t £I"")t ':t't t 
I~';: 'I £':1 .j MOl .; 
':(>,ll( III ~ )( utili 
It1l;:1 ':)(L 11 U;: 11 
hi LI 09l <)1 lit,. '-'1 
f IL ~I;: ':tI9;: )(IJI .;;: 
III ft I lit ;:t Ii:" lit 
'111(, til 'ir( lit ':")( tL 
;:(1) ;:;:1 ;:-'.llI;: I ;:tl< til 
III t ~';:f IItl tlf Irtl Illf 
lit') "f'1 Iltt fl') IISf Xl(': 
11(,1(t"1(1 rllll(.fCl IIf;:Uk, 
IloI)IS OI.l)!S 6.1llS 
f9'!iL6 f9'6t6 S(:OI6 
[lllll Illlo 011111 IIIIHI '/lUll '~""I ,I ~1I1 IIWIII Shll 11111 O{\'I(, 
';';1111 t~'o fl I ~1I11 II~II Il Iltllll S,UIl [11111 II( ~ III '")L II ~rlll (>t .. ,> 
:-1;:';11 tl~ 0 ~xt II ~'Lt II ~"lI;: 11 (,q~ II I,,rll) (~'!I II III~ I lit II 
'" 
(~)f I fl~ I ;:11;:: [ I<l t I ;:lIl fI '"")11 '/;:;:11 lUll Lth ;: (.1 I ~" 
IIXI' I <i;:1) I xllli ,lIL I ;:'ifll Slul ,tt II lI(d'l lIlL f 111'1 ", 
Lhlf t'lt, ~ Sill ~ ~t-L ~ tt',) I I~~" I ,(~" ~lIt II I ~'I ~ U, IIlI 
'If I t (;:ff t SoL t ;:;:i f II I;:: ~ \)01 ;: tIL !! tltll Z(I"') 'IL t "L 
ll'} .; ~;:t ~. I, I ~ hln ~ Itl6;: h11'! ;: ('1(.11 11«11 fI~, (l LII ~ 
'" 
IX,! L f,,-,t L IIUI L 11(09 IItl t 11;::(1 f oHI !lU II III II " Ull II~ 
;:(1 II II,IIII[ 1;:;:111 hIli III Il(. ~ l'lII ~ f,o I fll I l,l III ~ I til ,~ 
{,tit" £1 ~(I~ 91 1Itt. ~I ;:f,'1 ~ I 'II f (I ;:tx II IHll Hi I lIltll;: (>1. ~"l lit 
n9 f(;: ;:~lIi;: 11f'1~ <,;:: IIU ~.;: lI~f ~ I u~ tl ''h> r P)II, III~ 'It" fll'l, II, 
L;:9 .;.; lib ')LII I'; 1'"')1111'; 'If II r,~ hit lI~ lIlI" h ftj'; ~ ',lUI ~11 i ~ H~ ,,' 
)lilt ;:('1 OXIII(, f;: I ';lI ift fll ~;::l ht £(,1 it ([Irql Ii, h ,'I~" Ilf I x;: til 
lL If;: (Itt'" ~;::;:: LII(', ,I, f(l~ lIlt~ 1(0 till ~"11~ {,(, .)j,,-, tt" l'~(d ';,1')"" MI II, 
I';" 1ft ~';:\IMt fll>tlt ')~L 'lilt" Ll'll'~ IMII"I, Itfl tx ftl Lt P), Ln lit ,,, 
';)(t [w L,'I ~L9 ,,II,", tt<J iff ;:;:./ lUI,. (,~t ;:;::~ 11ft Mit (lIl ;:U ,Ill fll;: t 1,,'1 1011 
H "l!S L .l~!S 9.1)!S S .t~!S t .l1!S r .IllS t .I1!S 1.lIIS 900Hlrl ~OOH I:l % 
Ir'869 lr"189 6r'01'"9 (Yf£9 9)'"tLr 9'S'sr IIntl sn9 ,"rfOI 9')(9 MYI\' 
'Sil!JilS ill"!/ ,li!Op ill(/ JO/!'il/IIJilUiJ8 ,'iJ,un,? UO!/IIJ/J!' .",u,ti!"!' .fo!,-/ ilL// JO/".101d :1"9 ilfqll,l 
ChaEter 6: Hvdra/ogy Page 102 
Table 6.4: Highest extreme flood peah on record/or the Mkomazi River (modified after van 
Bladeren & Burger, 1989 and van Bladeren, 1992). 
Year Catchment Equivalent Discharge 
area current (mJs" ) 
(km') research site 
....... -- - _.-
1959 17H 5 and () 1~90 
1975 17H 5 and () 2010 
1987 In~ 5 and /\ 2770 
1988 In~ 5 and /\ I2}O 
, 1959 } 177 9 2~70 
1959 D39 II 3~80 
1987 H19 II nlHO 
1989 ~3~9 12 and I:l 2/\18 
185/\ ~375 12andl:l 7250 
18/\8 4375 12and I:l 5820 
1917 .. n 75 12and I:l 3570 
1925 4:l 75 12 and I:l /\100 
1959 ·n?; 12 and I:l 5510 
1976 .. B 75 12andl:l 2880 
1987 4:l75 12and I:l /\830 
Period Maximum 
under depth (m) 
review 
19)1-1990 
1931 - 1990 
19} 1-1990 5.28 
1931-1990 
19)1 -1990 J.SS 
1931-1990 8.79 
1911- 1990 II.H 
19)1-1990 ~.11 
185/\-1990 I I. 91 
1856-1990 11.0 I 
185/\-1990 8.55 
185/\-1990 1Il ./\ I 
1856-1990 10./\9 
1856-1990 8.99 
185/\-1990 10.78 
Return 
period 
(years) 
20-50 
50-100 
20-50 
50-IIlO 
>200 
10-20 
>200 
1Il0 
20-50 
100-200 
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Figure 6. S: Synthesi.~ed I-day dailyflOlv duration cun'esfor sites 1. 6. 9 and I3for the Mkonlllzi 
River. 
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Figure 6.6: Annualfloodfrequency cun·esfor sites I. 6. 9 and I3for the Mkomllzi River. 
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Mkomazi River. 
6.3 The Mlzfatizuze River 
0.3.1 f)ala availahilily 
Synthesised daily hydrological data was available for the Mhlathuze River . The data was generated 
by Hughes &. Smakthin (1998) . Here. a shon review of the oontext of the data is provided. There are 
two streamtlow gauging stations available for the Mhlathuze River. the first is al the site of the 
Goedenrouw Dam which was completed in 1979. Prior to the building of the dam. a flow gauging 
station. WI H006 (Normanhurst). had data ranging from 1964 to 1973. but also contained long 
periods of missing data. After the construction of Goedenrouw Dam. the present gauging station. 
WI H028. was re-opened . This has data from 1980 to the present-day. A second gauging station. 
WI H009 (Riverview) has data from 1963- 199 1 (Figure 5.3) These latter two stations were used by 
Hughes &. Smakthin (1998) to generate virgin and present-day daily time series for the four sites 
identified fo r the Mhlathuze River. 
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To generate the virgin time series, Hughes & Smakthin (1998) calibrated the model to achieve mean 
annual volumes and monthly distributions that were similar to those presented in WR90 and the 
pattern of daily flow variation to the station WI H009 . To simulate present-day conditions, the model 
was calibrated against water use data supplied by the local water authority, Mhlathuze Water 
6.3.2 Hydrological regime ofthe/ollr Mhlathllze sites 
Eight daily time series were generated for the four Mhlathuze sites, four daily time series for the 
virgin conditions and four daily time series for the present-day conditions. This information is 
available in Appendix B. Examples of the virgin daily time series data are given in Figure 6.8 and 
examples of the present-day daily time series in Figure 6.9. The virgin I-day daily flow duration 
curves are presented in Figure 6.10, while Figure 6.11 displays the present-day I-day daily flow 
duration curves. 
6.3.3 F7ood/reqllellcyallalysis 
Results of the analysis of the virgin time series and present-day time series for the annual series are 
presented in Figures 6.12 and 6.13 respectively . The results of the analysis of the virgin time series 
and present-day time series for the partial duration series are given in Figures 6.14 and 6.15 
respectively. 
6. 3. -I Historical.flood record~ 
The Goedertrouw Dam has been shown to have a significant effect on flood peaks downstream of 
the dam. Van Bladeren (1992) has shown that the September 1987 inflow flood to Goedertrouw Dam 
was 3760 m's" , while the outflow was 550 m-'s". A similar flood in 1984 was also severely attenuated 
by the dam (Table 65) These records serve as useful information and will be utilised in the discussion 
of results . 
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Table 6.5: Highe.~t e.-.:tremeflood peah on recordfor the Mhlathuze River (mod!fied after van 
Bladeren & Burger, 1989 and van Bladeren, 1992). 
Year Catchment Equivalent Discharge Period Maximum Return 
area current (mJs") under dellth (m) period 
(km') research site review (years) 
- - ---- ~ ----_.- --- .. - _. -.- --- --,. 
19~0 1273 ~ I OO 19~O-19&9 
1961 12 7.1 &50 19~ 1l -1989 
198~ 1273 26211 1 9~0-1989 
19&5 127:1 5~0 19~1l-1989 
1987 127.1 3780 19~0-1989 
19&& 127.1 ~50 19~0- 1 989 
19~0 1J~8 ~IOO 1 9~0-1989 11.98 50- 100 
191J 2~09 2170 1913-1 990 
191 7 2~09 3290 1913-1990 7.68 20-50 
19~0 2-109 3630 1913-1990 
19&~ H09 2HO 1913-1990 
19&7 2~09 3590 1913-1990 831 20-50 
19&~ 2~09 • ~790 1980-1990 
19&7 2~09 • nOOO 1980-1990 
1913 2771 3 2330 1913-1987 6.01 10-20 
1917 2771 3 3530 1913- 1987 9.5~ 20-50 
191& 2771 3 3500 1913-1918 10.0~ 20-50 
19~0 277 1 3 3890 1913- 1987 ICU2 20-50 
1971 2771 3 725 191.1-1987 
1977 277 1 .1 35~0 1913-1987 &.70 20-50 
1987 2771 J ~ 130 1913-1987 8,45 20-50 
• Calculated as if the flood peak had not been attenuated by Goedertrouw Dam. 
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Figure 6.8: Virgin daily time series/or two sites/or the Mhlat/zuze River. 
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Figure 6.9: Present-day daily times .~eriesfor two sites for the Mhlathuze River. 
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6.4 The OIifants River 
6. -1.1 Data availahility 
Synthesised hydrological data was available for the Olifants River. The data obtained was generated 
by Hughes (2000) for each of the four sites of the Olifants River using the VTJ model. The use of this 
model was necessary due to the paucity of good quality data for the Olifants River, and due to the 
lack of information on the operating procedures of the dams that control streamflow in the upper 
Olifants River. The VTJ model contains four basic functions for the generation of streamflow 
(Hughes, 2000) : 
An infiltration excess function that is largely controlled by the surface soil characteristics and 
the intensity of rainfall . 
A saturation excess function that is controlled by soil depth, water holding capacity and 
drainage characteristics as well as the total rainfall amounts that can occur. 
• A soil moisture drainage or base flow function that is controlled by topography, water holding 
capacity and the rate of drainage characteristics of the soil. 
A groundwater drainage function that can generate groundwater outflows as spring flows or 
through intersection of the regional groundwater table with the river channel system. 
Hughes (2000) argues that the data from the DW AF gauging stations (B I HO) 5 and B2H003) 
suggests that under virgin conditions, the upper Olifants is dominated by the runoff generation 
processes represented by the first function, but with a significant, slowly responding groundwater 
base flow contribution. The VTJ model was run using this scenario and calibrated against an earlier 
yield assessment generated by consulting engineers BKS. Hughes (2000) suggests that the model 
output simulates larger events than appear in the DW AF observed records (flow gauging stations 
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B I HO 15 and B2H003). The daily time series that were generated for the four sites for the Olifants 
River can be assumed to be for virgin conditions. 
6. -I. 2 Hydrological regime (!f the OIifants sites 
Four daily time series were generated for the Olifants sites, representing virgin flow conditions. This 
information is available in Appendix B. Examples of the virgin daily time series data are given in 
Figure 6.16. The virgin I-day daily flow duration curves are presented in Figure 6. 17 . 
6. -I. 3 Floodfreqlll!ncyanalysis 
The annual duration series flood frequency curves are presented in Figure 6 .18 and the partial 
duration series in Figure 6. 19. 
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Figure 6.16: Virgin daily time .,'eriesfor two sites for the Olifani.< River. 
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Figure 6.19: Virgin partial duration serie.~ fToodfrclJuency cun.esforfour sites jor the Ol!fants 
River. 
6.5 Summary and conclusions 
The primary objective of this chapter was to present the techniques used and hydrological data 
generated for use in the magnitude-frequency analysis. It is appropriate at this point to summarise and 
discuss the data that were generated. Table 6.6 presents the summarised hydrological data for the 
three systems. 
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Table 6.6: Summary hydrological data for the Mkomazi, Mhlathuze and Olifants Rivers. 
Parameter Mkomazi "irgin Mhlathuze virgin Mhlathuzc present- Olifants \"irgin 
day 
Area (km') 43S7 4209 421l~ 10 S91 
MAR (million ~uhi c IllS') 3()2 21 7 449 
mdres) 
Wet season Summer Summer Summer Summer 
CV 11.41 n.9,14 . (Ull 
Hight:st modelled 1021.28 ~R96 . ()9 41 6.HM 734 .56 
flow (m\d) 
Hig.hest nood record 7250 t\IlIlO 4791l . 
now (m\:;") 
The Mkomazi generates the largest MAR of all the rivers considered for this research (Table 66). 
It also has the lowest CY. The data generated for the Mkomazi River was based on target flow 
duration curves generated on the basis of the source data and regionalised flow duration curves. For 
all intents and purposes, the synthesised data can be regarded as the natural flow regime as there is 
no impoundment (as yet) on the Mkomazi . It is difficult to assess the accuracy of the data, in that 
apart from the flow gauging stations in the catchments around the Mkomazi, there is nothing to 
calibrate the data against What is clear from the historical flood record is that the method used does 
not accurately reflect the flood peaks (Table 6.6) . Table 6.4 has shown that since 1856 there have 
been a number of floods in the middle and lower catchments that well exceed the Discharge Table 
Limits (DTL) of the gauging stations. In the upper catchment, there have been at least four major 
floods exceeding 1230 m's" since I 959. This would suggest that a flood of this magnitude or greater 
is fairly common (perhaps a I in 20 year flood). Van Bladeren (1992) has calculated the 1987 flood 
(2770 m's' () as being somewhere between and 50 and 100 year flood, while the flood in 1959 of 1490 
m's" was calculated as a 20 to 50 year flood . In the lower catchment at least seven major floods 
exceeding 2880 m"s-' have occurred in the last I 50 years . Again, this would suggest that on average 
every 20 years or so a major flood is likely to occur. Van Bladeren (1992) has calculated that floods 
in the range of 3500 m' s" to 5000 m"s" are likely to have a return period in the range of 20 to 50 
years. The point is that large floods occur fairly frequently in the Mkomazi River. Their significance 
on channel form, maintenance and bed material transport will be discussed in Chapter 9. 
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The Mhlathuze has a lower MAR than the Mkomazi (virgin and present-day). However, it has the 
highest CV of all the rivers under consideration (Table 66) This is due to the cut-off lows that 
generate extreme floods in relation to the 'normal flow '. For the Mhlathuze River, synthesised 
records were generated for two scenarios - the pre-dam flow record and the post-dam flow record. 
Again, it is difficult to determine the accuracy of the flow record . In the case of the Mhlathuze 
however, the synthesised data sets are in good agreement with the historical flood data (Table 66). 
For the upper part of the Mhlathuze, six major flood events have been recorded since 1940 (Table 
6.5). Again, this would suggest a return period of around 20 years. The flood discharge in the lower 
channel has however been severely attenuated by the construction of the Goedertrouw Dam in 1979. 
Since 1913 there have been at least seven major tloods at the lower end of the Mhlathuze. These are 
reflected in the synthesised virgin tlow record . As mentioned earlier this has been shown in the 
September 1987 tlood where the intlow to the Goedertrouw Dam was 3760 m's·1 and the outtlow 
was 550 m's·l . The implications of these reduced tlood peaks are considerable. 
The data for the Olifants system indicates that the Olifants proper has an MAR between that of the 
Mkomazi and Mhlathuze (Table 6.6) . It has a higher CV than the Mkomazi , but lower than the 
Mhlathuze (Table 6.6) . The hydrological data generated for the Olifants River is based on the VTI 
model (Hughes, 2000) The data were calibrated against flow gauging stations B 1 HO 15 and B2H003. 
The data indicate that the synthesised data set probably over-predicts the present-day tlow 
environment. Records from B 1 HO 15 and B2H003 indicate that there are now significant periods of 
no tlow in the Olifants River (between 10% and 30% of the time) . Unfortunately there are no 
historical tlood records for the Olifants River against which to compare the synthesised record . It is 
thus difficult to assess the accuracy of the synthesised record . 
The daily time series must be seen within the context of the historical tlood records that were 
available for the Mkomazi and Mhlathuze Rivers. Furthermore, Zawada el al. (1996) and Smith 
(1991) have both suggested that the present tlow environment in southern African tluvial systems 
probably came into being around 1850. It is possible that prior to this many southern African tluvial 
systems experienced higher mean annual runoff and larger flood peaks (see Chapter 2 for a discussion 
on this subject) 
Chapter 7: Cross-sectional Data, Bed Material 
and Hydraulics 
7. 1 Introduction 
This chapter presents the methods and results for the cross-sectional data analysis, bed material 
sampling and hydraulic computations for the Mkomazi. Mhlathuze and Olifants Rivers . The 
techniques that were applied to the Mkomazi River were also applied to the Mhlathuze and Olifants 
Rivers. To avoid repetition, the techniques and methods will only be described for the Mkomazi 
River. The large amount of data generated means that only a portion of it can be displayed. The bulk 
of the data is presented in the form of appendices at the back of the thesis. The cross-sectional data 
together with a sketch map and photograph of each site can be found in Appendix A, while the 
hydraulic data are presented in Appendix E. 
7. 2 Cross-sectional data 
7. 2.1 Mkomazi River 
Figure 5.1 displays the location of the thirteen sites that were selected for analysis. The sites were 
selected on the basis ofrepresentivity of the macro-reaches, degree of disturbance, and accessibility. 
Sites that were avoided included those sites that were on a river bend, had a high degree of human 
impact (stock grazing or trampling for example). were close to an engineering construction (e.g. 
bridge or drift). or were immediately upstream or downstream of a major tributary input. Table 7.1 
displays a summary of the characteristics for each of the sites for the Mkomazi River. The sites are 
classified either as pool-riffle, pool-rapid or boulder-rapid sites. Many of the sites are controlled or 
semi-controlled by bed rock in the channel perimeter. 
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Table 7.1: Channel characteri,~tic,~.for thirteen site.~.for the Mkomazi River. 
.. _ . . - - - . -- -- --- ------- _ . 
Site Latitude Catchment Macro- Regional Number of Reach type Bed rock 
and area (km 2) reach Slope cros.\- present 
Longitude sections 
I (I.120m) 29" .14' 08 S 171 (1.0 1.15 .1 Pool·ri m e No 
29" .11 ' I I F 
2 (1260m) 29" ~5' 52 S .104 i).OO.N .1 pool·rime Yes 
29" .14' 15 F. 
.1 (I 160m) 29" JS' 05 S 872 0 .00285 .1 pool-rink Yes 
29"41 ' .18 E 
4 ( 1120m ) 29" )7 25 5 901 o.oon 2 Pool-rim e Yes 
29" 44' 2" F. 
5 (94("") 29" 44' 50 5 161i5 2 O.(X128 2 Pool-rime Yes 
29" 44' 26 F. 
o (92()m) 29" 44' 56 5 1741 2 f1 .0040 .1 Pool-rapid Y es 
29" H47F. 
7 (800m ) 29" 46' 2D S 1949 2 OJH128 2 pool-rink Yes 
30" 56' 4~ F. 
8 (84Dm ) 29" 41' 125 1965 .1 o.nm(i 2 Boulder-rapid Yes 
)0" 57 28 E 
<) (520m ) 29" 55 ' 55 S 293( .1 D0062 2 Boulder-rapid Yes 
) D" D5' 2.1 E 
ID( )8Ilm) .1f1" fHl' OJ S 3430 4 1l .(04)4 2 Pool-rime Yes 
.10" 10' 51 F. 
II ( .16f1m ) ) 0" 00' 4.1 5 .1402 4 ll.rm6 Pool-rime Yes 
.10" 14' 05 F. 
12 (220m) .10"' DS' )D S 4 177 4 1l .00206 Pool-TIme Yes 
.10" 24' 20 E 
1.1 (40m) .1il" D1' 5D 5 4334 4 (lOO2f1n Pool-rapid Yes 
)0" 40' (XI F. 
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7.2.1.1 Cross-sections 
Where practical at each ofthe sites, a minimum of three cross-sections were surveyed using a Topcon 
Total Station. The cross-sections were spaced at an interval of one channel width apan. Cross-
sections were chosen on the basis of their representivity of a reach, but also on local hydraulic 
conditions to ensure that the stage-discharge curves could be computed without too many 
complicating factors . Cross-sections were also chosen so that, where possible, pools, riffles and rapids 
were represented at each site. The cross-sections were marked using a fixed point in the form of a 
bench mark . The bench marks were constructed by digging holes in the ground, and filling them with 
concrete. Metal stakes were inserted into the concrete so that the fixed points could be used for re-
surveying. At each cross-section, relevant morphological data were marked on the cross-section so 
that, for example, the top of a point bar or the estimated bankfull discharge could be related to stage. 
The estimated bankfull stage was based on a sharp change in topography (Table 72). This occurred 
where there was a clear break of slope between the active channel and the macro-channel (see Section 
24) Figure 2.3 shows a diagrammatic representation of these features for the Mkomazi . 
Benches and terraces were identified on the basis of their relationship to the bankfull stage as 
estimated in the field . The bench-full stage estimate criteria were based on two factors . The first was 
an obvious break in slope below the bankfull stage. This slope was characteristically concave. The 
break in slope had to be related to a clear bench-like feature, with a distinct flat surface parallel and 
adjacent to the active channel-bed, but raised above it. The second factor was a change in vegetation. 
In many cases, the flatter bench was covered by grass. In this manner, a consistent definition of the 
estimated bench-full stage was achieved (Table 72) 
Major breaks in the cross-sectional profile above the estimated bankfull stage were designated 
terraces. The terraces were numbered in sequential order from the lowest to the highest. Figure 7.1 
displays two examples of the types of cross-sections surveyed for the Mkomazi River . Table 7.3 
displays the elevation of the benches and terraces above the lowest point in the bed together with their 
associated vegetation and sediment characteristics. It can be seen that the features above the low 
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bench are all associated with sediment in the sand-sized range and finer . The vegetation is mainly 
grass and trees . 
Tahle 7.2: Bankfull stage and hench~full.~tage characteristics for the Mkomazi River. 
Site Bench Bench-full estimate criteria Estimated Bankfull estimate criteria 
(m) bankfull 
(m) 
la 2.48 Break in slope and stan of the :US Change in topography 
grassed vegetation 
Ib J .OS Change in topograplw 
Ie J . IS Change in topograph 
2a 2.76 Break in slope and stan of the ~A3 Change in topography 
grassed "egetation 
2b 2.81 Break in slope and stan of the U6 Change in topography 
grassed "egetation 
2c 2.05 Break in slope and stan of the J.n Change in topography 
grassed vegetation 
Ja 1.7~ Break in slope and stan of the 5.91 Change in topography 
grassed vegetation 
Jb 2. 15 Break in slope and stan of the ~ . 96 Change in topography 
grassed "cgetation 
3c 5.00 Change in topography 
~a 2.08 Break in slope and stan of the ~.OO Change in topographY 
grassed vegetation 
-lb 2.75 Break in slope and stan of the ~ .78 Change in topograpll\ 
grassed vegetation 
Sa U9 Break in slope and stan of the ~ . 79 Change in topographY 
grassed vegetation 
Sb ~ . 31 Change in topography 
6a 2.5.1 Break in slope and stan of the 3.5} Change in topography 
grassed vegetation 
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6b 2.92 Break in slope and stort of the 4.27 Change in topography 
grassed yegetation 
6e 4.66 Change in topography 
7a :1 .74 Change in topography 
7b 2.21 Break in slope and start of the :1.46 Change in topography 
grassed yegetation 
8a 2.55 Change in topography. top of lateral 
bar 
8b 2.88 Change in topography. top of lateral 
bar 
9a 2.13 Break in slope and start of tile 26} Change in topography 
grassed "egetation 
9b :1.11 Change in topography. deposition of 
sand 
lOa 2.48 Change in topography. start of 
grassed yegetation 
lOb 2.21 Change in topography. start of 
grassed "egetation 
II 220 Break in slope and start of tile D8 Change in topography 
grassed "egetation 
12 2.80 Change in topography. start of 
grassed "egelation 
1.1 D2 Change in topograpllY. start of 
grassed yegetation 
Table 7.3: Morphological fealClres for the Mkomazi River. 
Sitr ' "tgtliltion St-dum' nl Ternu:e I (nt) \ 't'gt'fatlon S .. dlment 
la 4,OJ gras.~ ilnd If": ":;; ~alld and lin':f 
1~ .1.49 gra .... s and If':':S sand and lillcr 
Ie .1 .78 gra.ss and Ir.: ...... s;lnd and lin"'f 
2iI grass sand and tina 5 . .17 grilS.~ llild If<.:;; ~mnd and lin..:r 
2~ 5.9.\ gril.~." and Ir..:<.'\ sand ilml tin..:r 
2< ·1.116 gras." and Ir.: ... 'So s.and and tiner 
.1<1 gril ..... a nd Ir':es ,"ilnd and tillcr 8.20 gras. .. ilnd tr<.'\:s sand and tin.:r 
.l~ 5.72 gras.." and Ir.:c:s s,md and lin..:r 
J .. : 
4i1 graK" lind Irc .. "s "i,and and Ii tier 5.25 gms.. .. ilmllr.:co .. and and lin.:r 
.~ 5.59 gras.~ and Ir.:~s sand and 'in~r 
5a 5.9.\ gm."$ and r~o.:d<; s:lIul and lin.:r 
j~ 5.74 grass and r~o.:{l<; .~:lIId and lin~r 
6a 4 . ~9 gras.~ and Ir.: ...... )O;tnd and lin.:r 
(.~ 5.10 gr;l.<;s iIIllllr.: .. 'S sand and lin~' r 
(,..: (0.54 gril:-Os .~and and lin.:r 
7a 1<.46 grllS.<; ilmllr.:.:.<; saml aUlI tina 
7~ 7.77 grass and Ir..:.:s !':11ll1 and lina 
Terrace 2 (01) ' ""gelation Stdlmt'nt 
5.41 grass sand and tin':f 
5A2 g.ras.<.; Si.lIld and lill":f 
·4.37 gra.~." s:md and liner 
(1.36 gras.s s<IIld and liner 
6 .5.1 gras." so.md and tincr 
7.cn grass sand and liner 
6.90 gras .. .""ml and tin~r 
6.68 gra:-os sand lind lina 
lUll( gras.<; :lIld Ir~~s sand and lin~r 
7.1'\ grilss ilnd tr<! ... ~ s:lIId and lin~r 
7. 11 grm •. <; and tr~.:s )OmIt! and lin..:r 
K5U gril.~<; SaiKI <lnd lin.:r 
(") 
".. 
., 
't:l 
c; 
~ 
..... 
") 
.... 
'" " 
" 
,
" 
'" Q 
5' 
::s 
'" -1} 
'" 
'" 
" ~
" ~ 
'" .... is· 
-§ 
~ 
." ~~ 5' 
't:l 
~ 
IV 
'J, 
Table 7.3 continued: Morphological featllres for the MkomClzi Ril-er. 
Slit" \ "rgdallon St'dlmf' n l Tern":' .. I , " gt'IHtion Stodimt'nt Tt' ITIU 't' \ 'rgrll1llon 
(m) 2 (m) 
~a 4.R4 gril.~S and s;l1ld ami 5.58 grass and 
Ircc.~ tincf treeS 
Rh 5.00 gra .... ~ and sand and 6.84 grass and 
tr.: .. -s tincr Irc.s!;. 
901 gras. .. s;lIld a nd 4.78 gril~" and sand and 
tinc:r Irc':s !ina 
91> 4.74 grass and S<111d and 
trc:.:s linc:r 
IDa 4,71 gras.<; sand and 7.49 grUK<; and 
tina trccs 
lOb 4.44 grass sand ami 7.95 gra. ... " and 
lin':f Ir ... ~'S 
II gra!;s Sillld ilnd .1..14 grass and sand ,lIld 5.22 gras.<; and 
linc:r If':':S liller Ir.: ... -s 
12 4.15 gr;I.~S and sand and (..15 gra.s" lind 
tr..:.:s tina Ire': !» 
I.' 7 ,08 grass imd sand and !Un grass and 
Ir.:.!s lin ... -r Ir ... 'S.'i 
Sediment Tt'rrltt"f' j \ "f'gehllion Sedlmt'nl 
(m) 
sa nd and 7.75 gr.tSS and Slll1d and 
liner Ir.: .:: ... lino.:r 
sand and 
tiner 
slllldilnd 12.Cl7 grass and s<lnd and 
lin.::r Ir.::.::s ti n~r 
I 
I 
I 
I 
I 
I 
I~ 
'" C;; 
~ 
I -..I 
') 
3 
I ., ., .' -. 
" Q
". ::s 
" 
-g. 
iO 
I[ 
:; 
I "-" ~. 
I -" ::s 
"'-I ,0>-~ ~ I ::;, 
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0 20 40 60 
0 20 40 60 
Mkomazi Site 1 
Section A 
benchfuU discharge at 2.48m 
bankfull discharge at 3.2Bm ' 
terrace 1 at 4 .03m 
terrace 2 at 5.47m 
80 100 120 140 160 180 200 220 240 260 
Chain age 1m) 
Mkomazi Site 7 
Section 8 
benchfull discharge at 2.21 m 
bankfull discharge at 3.46m 
terrace 1 at 7.77m 
80 100 120 140 160 180 200 220 240 260 
Chain age 1m) 
Figure 7.1: Cross-sections for sites I a and 7hfor the Mkoma;i River. 
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Plate 7.1: Mkomazi Site I looking {lown.~tream 
Plate 7.2: Mkomazi Site 7 looking up.~treanL 
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7. 2.2 Mhlafhu::e River 
Four sites were chosen for the Mhlathuze River. Figure 5.3 displays the location of the sites that were 
selected for analysis . Table 7.4 displays a summary of the characteristics for each of the sites. Site I 
is just below the Goedertrouw Dam and as such has been affected by the regulated flow regime This 
has resulted in the channel narrowing and deepening. Site I is semi-controlled by bed rock , as the 
right bank of the site contains a dyke that has intruded into the country rock . Site I consists of three 
distributary channels, each with a different flow level. The complexity of Site I was such that seven 
cross-sections were surveyed to ensure that the hydraulic calculations were accurate . Sites 2, 3 and 
4 are wide, regime sand-bed channels. 
Table 7.4: Channel characteristicsforfour site.~for the Mhlathuze River. 
Site Latitude Catchment Macro- R~ional Numher of Reach type Bed rock 
and area (kml) reach Slope cros .~- present 
Longitude .ficctions 
I ( 100m) 28" 44' .11 S 194 1 4 0.0015 7 Pool-ritlle Yt::~ 
.11 " .~~. 20 E 
2(40 m) 28" 44' 50 S 2~66 4 0.00282 2 Rc::g.ime I No 
.11 " 44' 50 E 
.1 (20m) 2&" 50' 4 5 S 2860 4 0.00087 Regime No 
" " 52' no E 
4 (IOm) 28" 37 25 S .160& 4 n.00070 2 Rcgimt! No 
.11 " 44' 2~ E 
I A regime channel is defined by Rowntree & Wadeson (1999) as a channel with a mobile bed that 
adjusts rapidly to changes in imposed flow . 
7.2 .2.1 Cross-sections 
The same cross-sectional survey technique used in the Mkomazi was used for the Mhlathuze River. 
Figure 7.2 displays two examples of the types of surveyed cross-sections. Plates 7.3 and 7.4 display 
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a visual impression of sites 1 and 3. As in the Mkomazi River, a common feature in the Mhlathuze 
River is the occurrence of distinct benches and terraces . Employing the definitions mentioned earlier, 
the features were designated benches or terraces depending on their elevation relative to the bankfull 
stage. Table 7.5 displays the criteria used to define the bench-full and bankfull stage, while Table 7.6 
displays the heights above the lowest point in the bed as well as the sediment and vegetation 
characteristics for each of these features for the Mhlathuze River . 
It/ble 7.5: Bankfull dischllrge and hench-full discharge characteristics for the Mhlathuze Ril·er. 
Sile Number Bench I (m) Bench-full estimate criteria E.timnlcd bankfull (m) 
I" lA S Break in s lope and slart of the ) .00 
recti ,'cgt.!la(i~)n 
Ih 2. 16 
2 1.1'1 Break ill slope, lop or gwsscd 2.67 
island and s tar( of the ft!CU 
\'cgctHlion 
.1 2.6'1 
~ 2.29 
Table 7.6 Morphological features for the Mhlathuze River 
Site Vegetation 
111 Rl.!ctls 
II> 
2 Reeds 
.1 
4 
Sediment 
suml anti 
Ii ncr 
S<IIIt! ami 
tincr 
Terrace 
I (m) 
_l~Ul 
~ . ~7 
4.54 
.14 1 
Vegetation Sediment 
reetls Hntl :>i.IJHJ awl 
trees lilh!f 
fI.!CUS and saml and 
tn:c:> tiller 
reeds nnd smH.1 and 
Irees fi.tler 
rCl.;tls sand and 
1"1I11.::r 
Terrace 
2 (m) 
4.45 
5 . ~n 
7.25 
5.7X 
Vegetation 
reeds IIml 
tress 
n.:l,'tls and 
tfCCS 
Sediment 
sanu HlHl 
liller 
sand and 
liner 
Terrace 
J (m) 
().(d 
Bankfull estimate criteria 
Chnngt! in topogmph~' 
Change in topogmphy 
Change in topography 
C hange in topography 
Change in topography 
Vegetation SecJimenl 
trees smlll :.utd 
liner 
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Figure 7,2: Cross-sections for sites I and 3 for tire Mlrlatlruze River, 
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Plate 7.3: Mhlathuze Site I looking upstream. 
Plate 7.4: Mhlathuze Site 3 looking downstreanL 
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7.2.3 Olifallfs River 
Four sites were chosen for the Olifants River. Figure 5.5 displays the location of the sites that were 
selected for analysis. Table 7.7 displays a summary of the characteristics for each of the sites. The 
Olifants River is a predominantly bed rock controlled system, and as such has little capacity for 
changing its overall channel morphology except by sediment deposition. 
Table 7.7: Channel characteristics for four sites for the OIifant.~ River. 
Site Latitude Catchment Macro- Regional Number of Reach type Bed rock 
and area (kml) reach Slope cross- present 
Longitude sections 
I (I ,Rllm) 25" 45' .1IS 2521l .1 Il .Olnoo 7 Regime No 
29" I R' 40 F. 
2 (11l.1llm) 25" 29' 44 S 10 R21l 4 o.on .. m:; 7 Pool-rapid Yes 
29" 15' IR E 
.' ( 12(5111) 25" 41l' 24 S 2350 4 O.nO()IA (, Pool-rapid Yes 
29" IR' 5R E 
4 ( 1200m) 25" .17' 10 S 4.100 , Il.Oon I5 (, pool-rime Yes 
2R" 59' 59 F. annhranching 
7.2.3.1 Cross-sections 
As with the Mkomazi and Mhlathuze Rivers, bench marks were constructed for re-surveying and 
hydraulic calibration for the Olifants River Figure 7.3 displays two examples of the types of cross-
sections surveyed for the Olifants River At each of the sites for the Olifants River at least six cross-
sections were surveyed. This was because the channels are complex with multiple distributaries. The 
water surface in the distributary channels was at different elevations due to strong upstream hydraulic 
control. Morphological features were noted and fixed onto the survey. Table 7.8 displays the criteria 
used to determine the bankfull discharges. Table 7.9 displays the height of each of these features 
above the lowest point in the bed as well as the sediment and vegetation characteristics of each site. 
TaMe 7.8: Bench-full discharge and hank/ull discharge characteristics/or the Olifants Ri,·er. 
Site Number Bench (m) 
2 
] 
~ 
Bench-rull estimate 
critcrin 
Estimated 
bankfull (m) 
1.57 
J.2 t 
2.58 
2.77 
TaMe 7.9: Morphological/eo/ures/or the Olifonts River. 
Site Terrace 1 Vegetation Sediment Terrace 2 Vegetation 
(m) (m) 
~A7 grass. reeds gra\'cI and 6.57 grass and 
and trees liner trees 
2 ]8 I reeds and boutders. 5.]8 grnss and 
trees cobble. trees 
gnwel and 
sand 
] :\Il8 reeds and Gren-c) and 6 .2] grass and 
trees finer trees 
~ 6. 17 reeds Gnl\"cI and 7.89 grass and 
finer trees 
B~lRkfull estimate criteria 
Change in topography. start of reed growth 
Change in topograph\'. start of reed growth 
Change in topography 
Change in topography 
Sediment Terrace J Vegetation 
(m) 
gnl\"el and 
liner 
grm"c1 and 7.6 t grass and 
filler trees 
gCiwcI and 7.62 grass and 
finer trees 
gnl\"c1 and 9.26 grass and 
finer trees 
Sediment 
snnd and 
finer 
scllld and 
finer 
sand ,lnd 
liner 
n [ 
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Figure 7.3: Lross-,,·ection,\for ,\ites 1 and 3for the O/(fant,\ River. 
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Plate 7. 5: Olifants Site I looking up.~tream_ 
Plate 7.6: Ol!fants Site 3 looking downstreanL 
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7. 2.-1 Qllalify alldi! and slImmal}' 
There are a number of issues that must be mentioned with respect to the cross-sectional surveys. 
First, 27 cross-sections were surveyed for the Mkomazi, 12 for the Mhlathuze and 26 for the Olifants 
River, a total of65 cross-sections. Thirty-seven of these have been rated for stage discharge curves . 
These required repeated site visits. A minimum of four calibration visits were made, in some cases 
as many as seven calibration visits were achieved. Given time and financial constraints, it was not 
possible to survey any further cross-sections. The number of cross-sections may, therefore, be a 
limiting factor in terms of the representivity of the data. 
Second, the number of cross-sections at each site varied. One of the reasons for this was the variable 
complexity of the sites. Where multiple channels occurred with different water levels, a greater 
number of cross-sections were necessary to adequately perform the hydraulic computations. For 
example, Site I on the Olifants River had four distributary channels. this required seven cross-sections 
to reflect the water levels at different discharges . Site 3 on the Mhlathuze on the other hand, was a 
simple sand-bed regime channel and therefore only one cross-section was used to represent the site. 
The number of cross-sections also depended on the reach type. For example where a pool-riffle reach 
type occurred, the cross-sections were situated to reflect both the pool and the riffle It is argued that 
the cross-sections adequately represent the macro-reaches of the three rivers under investigation . 
Third, the accuracy of the bed material transport computations is in part dependent on accurate 
surveying of the cross-sections. Any error in the cross-sectional surveys will be compounded in the 
hydraulic computations and in the bed material transport values. For this reason, the cross-sections 
were surveyed using a Electronic Total Station which results in a very accurate survey 
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7. 3 Bed material data 
Bed material was sampled to determine the calibre of bed material at each site so that it could be used 
in the bed material transport equations. The problem of obtaining an accurate, reliable and 
representative sample of bed material is well known (cf. Wolman. 1954: Church e1 aI. , 1987) Authors 
have suggested different methods for bed material sampling. These include surface clast counts, 
surface and subsurface bulking and sieving (Ferguson & Ashworth, 1991), surface counts using a grid 
system (Wolman, 1954), pacing (Mosley & Tindale, 1985) and transect sampling (Kellerhals & Bray. 
1971 : Ibheken, 1974). Bed material sampling techniques differ and are adapted to the objectives of 
the survey as well as to financial and technological constraints. 
Mosley & Tindale (1985) suggest that 70 samples per site are necessary to obtain a representative 
sample of the whole bed, while Wolman (1954) and Brusch (1961) suggest a sample of 60 is 
adequate. Based on the literature, as well as resource constraints, it was decided to use a combination 
of surface clast counts and bulk subsurface sampling and sieving, the details of which will be 
discussed with reference to each river. It was resolved to take a sample of the bed material at each 
site on one occasion only. This was done at low flow, which enabled the sampling of deeper pools, 
faster flowing riffles and rapids . While it is acknowledged that bed material characteristics can change 
over time, the logistics of bed material sampling, and the laboratory time necessary to process the 
samples made only one sample per site practical. Indeed, based on visual and photographic evidence 
there appeared to be little evidence to suggest any significant change in the composition of the bed 
material during the period of study. 
7. 3.1 Mlroma:i River 
A combination of surface clast counts and bulk subsurface sampling and sieving was used for the 
Mkomazi River. At least 500 samples were taken at each site. Where the samples were in the sand 
(>2 mm) to fine gravel «10 mm) range, a bulk sample was taken and sieved. Where the size range 
was medium gravel (> I 0 mm) or larger, the size of the median axis was measured with either a pair 
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of calipers or a measuring tape. Using this method, a curve was constructed to show the percentage 
finer bed material for each site. Figure 7.4 displays examples of the curves constructed for sites I. 6, 
9 and 13 . From these curves, the 0 ,., 0 ll' and 0" and so on were determined. Table 7.10 displays 
the results in tabular form . 
The data indicate that the Mkomazi River is mainly a cobble-bed river. Most of the sites. with the 
exception of sites 4, 5 and 12, consist of over 70% gravel and cobble, with only small percentages 
of sand and virtually no silt or clay. The low values of silt and clay may reflect a sampling problem, 
in that the silt and clays could have been washed out of the sample before they could be placed in the 
sample bag. The data also show that the expected downstream fining of bed material in the Mkomazi 
River does not hold true. In fact , the general trend is an increase in the size of the bed material 
between sites 1 and 10. This holds true for the O J(" 0,,, and the 0". Sites 11 , 12 and 13 display 
variability in the downstream direction. Site 12 is predominantly a sand-bed channel but has a large 
0 " . Sites 8, 9 and 10 which are in the gorge section of the Mkomazi, reflect a very coarse bed with 
a large 0" and a high standard deviation and coefficient of variation. The characteristics of the bed 
material of the Mkomazi therefore reflect the channel type; flatter, wider sections are associated with 
relatively finer material , while the steeper gorge sections reflect coarser bed material with a high 
standard deviation and coefficient of variation. The notion of downstream fining does not appear to 
fit the bed material characteristics of the Mkomazi River, rather the bed material characteristics tend 
to reflect local hydraulic conditions. This issue has been discussed in Chapter 2. 
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Table 7. 1 II /Jed material characteristics for the Mkomazi River. 
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7.3.2 Mhlalhllzl! River 
For the Mhlathuze River, a combination of surface clast counts and bulk subsurface sampling and 
sieving was used for Site J. However, for sites 2, 3 and 4 the bed material is in the sand-sized range 
«2 mm). Here, thirty bulk samples were taken using a grid system at each site. These were analysed 
in the laboratory for grain-size analysis. Curves were constructed to show the percentage finer bed 
material for each site. Figure 7.5 displays the curves constructed for sites J to 4. From these curves, 
the 0,6, DSIl and 0 " and so on were determined. Table 7. 11 displays the results in tabular form . 
The data show that the section of the Mhlathuze River under consideration is predominantly a sand-
bed channel. Site J is a pool-riffle channel type and, therefore, the predominant bed material is gravel 
and cobble. However, sites 2, 3 and 4 are sand-bed channels, with sand constituting over 75% of the 
bed in all cases (Table 7. J J) . The depth of the sand is considerable. During the sampling of the bed, 
a 5 metre iron rod was inserted into the bed at sites 2, 3 and 4 and in all cases, the depth of the sand 
in the bed exceeded five metres . Although there was some gravel present at these sites, this did not 
exceed 32 mm in diameter. The mean grain size in the lower three sites was around I mrn. Very little 
silt and clay was measured. The low standard deviation and coefficient of variation in the lower three 
sites confirm the homogeneity and well-sorted nature of the bed. 
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Table 7.11: Bed material chllracteristicsfnr the Mhlathuze River. 
Site D" D" D .. SD Mean CV Silt + 
(mm) (mm) (mm) Cla~' (I/o 
1J..l 22 .1.5 17 .. 1 17.7 0 .9 0.2 
2 (J..l 0.7 U 0.5 0') O.() 0.02 
.> (J..l O.X 20 O.X 1.2 0 .7 0.05 
4 0,4 0') 1.1 0.5 O. X 0.5 0.0(, 
I 
I 
Sand % 
19.5 
91') 
75.7 
X7,4 
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7.3.3 O/i(all/s /liI'e!' .Iyslem 
A combination of surface clast counts and bulk subsurface sampling and sieving was used for the 
Olifants Ri ver system. A minimum of 500 samples were taken at each site. Curves were constructed 
to show the percentage finer bed material at each site . Figure 7.6 displays the curves constructed for 
sites I to 4 . Table 7. 12 displays the result s in tabular form . The numbering of the sites o n the Olifants 
Ri ver is confusing. It should be noted that sites I and 2 are on the Olifants proper, Si te 3 is on the 
Klein Olifants and site 4 is on the Wilge Ri ver. The highest discharge occurs at Site 2, followed by 
sites 4, I and then 3. The data indicate that all the sites are dominated by coarse bed material. The 
material is often imbricated and armoured. There is very little si lt , clay or sand on the bed. Site I 
consists mainly of gravel -sized material, while sites 2, 3 and 4 are dominated by boulder-sized bed 
material. There is very little sand sized material in the bed at any of the sites. 
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Table 7.12: Bed material characteristic .• for the OIifants River anti tributaries . 
. ___ ______ ._o __ .~._ .. ___ . ______ _ 
Site D" D!io D" SD Mean CV Silt + Clay Sand % Gravel + 
(mm) (mm) (mm) % Cobble + 
Boulder % 
22 9(, 277 12R 149 0.85 Il .(, 2(, 96.8 
2 5 221l 521l 2SR 2(,:1 0.9R Il 12 (, 87 .4 
, 141l 2SIl 481l 171l :lI1l n.ss Il 11.4 99.6 
-' 
4 91l :121l SIlIl 21lS 29S 0.(,9 Il 0.2 99 .8 
7.3. -I Qllality alldil alld slImmG/)' 
The accurate determination of the bed material for a site is difficult. This is especially so as bed 
material can change in the horizontal plane, with depth and over time. Due to logistical constraints, 
it was not possible to continuously sample the bed material, which is a limitation of the study. 
However. it is argued that the sampling programme resulted in a representative sample of the bed 
material. especially at sites containing a homogenous bed. The Mkomazi. Mhlathuze and Olifants 
Rivers display different bed material characteristics. The Mkomazi is mainly a cobble-bed river. the 
Mhlathuze is predominantly a tlat. sand-bed channel. while the Olifants is a steep. cobble-bed river. 
with a very coarse armour layer in the boulder-size range. 
7.4 Hydraulic computatiolls 
The aim of the hydraulic computations was to generate rated sections for each site. This was required 
for two reasons. First. the relationship between stage. discharge. wetted perimeter and water surface 
slope is necessary to determine bed material transport. Second. to relate stage to channel features. 
There are a number of means of calculating tlow discharge from stage. Three common methods are 
the Chezy. Mannings and Darcy-Weisbach equations (Chang. 1988). It has been common practice 
in South Africa to use Manning's resistance equation (Broadhurst el al., 1997) For the purpose of 
thi s study and for consistency, the most common tlow resistance equation (Manning's) was used. A 
full description of this technique is available in most hydrological or hydraulic text books. Here, a 
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short review will suffice. The derivation of the basic equations that govern open channel flow begins 
with the assumption that a fluid can be considered as a continuum (Lane, 1998). Manning' s resistance 
equation is given by: 
Q = ( AI.667 ) (Js;) pO.667 
n 
(7 .1 ) 
where 
Q is the discharge (m's" ) 
A is the cross-sectional flow area (m 2) 
P is the wetted perimeter (m) 
Sf is the friction slope (m/m) 
n is the Manning resistance coefficient (s m" ") 
the ' resistance-friction slope ' term in Equation 7.1 can be combined into a single term, given by 
( pO.007) 
k = Ql A 1.007 (7 .2) 
Using Manning' s, a table of observed and modelled discharge is generated. The modelled discharge 
is extrapolated beyond the range offield measurements by estimating the 'friction slope-resistance ' 
(n). Estimating 'n ' is problematic, but the use of photographs (Barnes, 1967) and previously modelled 
data (Chow, 1959) can help provide an adequate estimate. Indications are that the resistance 
coefficient reaches an asymptotic value with increasing discharge, but increases exponentially with 
reducing discharge as the flow depth becomes comparable to the height of the resistance elements 
(Broadhurst el al .. 1997). Applying Manning's to extreme low flows is difficult, when the flow depth 
is about the same depth as the resistance elements and, as a result, large coefficients are derived. In 
this case, the highest /I value is applied . 
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Estimating the slope also proved problematic. The estimated slope was calculated as a function of the 
relationship between the regional slope (I :50 000 topographical map) and the lowest water surface 
slope measured in the field (Birkhead & James, 1998). The slope was estimated by: 
Eslimaled slope = (RS+(LS - RS») 
(I +(0.0 I *Q))Ol 
(73) 
where 
RS is the regional slope (m/m) 
LS is the lowest water surface slope measured in the field (mlm) 
The slope generally increases with increasing discharge, reaching an asymptotic level at approximately 
the regional slope (calculated off I : 50 000 topographical maps). However, this is not always the case. 
At some sites, the slope calculated in the field was greater than the regional slope. This situation 
occurs where the site is located on a steep section, often associated with strong bed rock control, or 
where the section traverses a riffle. In these instances, the slope decreases with increasing discharge 
as the riffle or rapid is drowned out. This has significant implications for sediment transport and will 
be discussed in greater detail in the following three chapters. 
Once the observed and modelling stage discharge relations had been determined, a regression is fitted 
to the data. The general form of the regression is given in Equation 7.4: 
y = aQ h+ c (7.4) 
where 
y is the maximum flow depth (m) 
a, b, c are coefficients 
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7. -I. f Mkoma=i River 
The aim of the hydraulic calculations was to develop stage-discharge curves for each of the cross-
sections for the Mkomazi River. Manning' s resistance equation was used in conjunction with the 
cross-sectional surveys and repeated site visits . Each re-survey involved the determination of water 
surface stage, water surface slope and discharge. Discharge measurements were made using an 
electro-magnetic Marsh-McBirney Flow Mate current metre. Flow readings were made at every 
metre or halfmetre at 0.6 depth from the surface. Using this technique, rating curves were calculated 
for each of the cross-sections for each site for the Mkomazi River. Figure 7.7 displays an example 
ofa stage discharge curve generated for the Mkomazi River. Table 7.13 displays the coefficients from 
the regression analyses for the thirteen sites for the Mkomazi River. Using this technique, rating 
curves were developed for 27 cross-sections for the Mkomazi River. 
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Table 7.13: Coefficients to Equation 7.4for thirteen site.~for the Mkomazi River_ 
Site Coefficient 
a b c 
-- .- .-_. 
la 0.645 0.311 0 
Ib 0.665 0.302 0.326 
Ie (>IOm1s" ) 0.297 OA02 0.) 12 
Ie «10 m"s" ) 0.732 0.264 0.617 
2a OAI7 0.38) 0.340 
2b 0.388 0.383 0.297 
2e 0.912 0.289 0 
3a 0.600 0 .3)6 0.229 
: 3b 0.313 OAI9 OA49 
3e 0.847 0.293 0 
4a OA 71 0.38 I 0.757 
4b OA8) 0.373 0.500 
Sa 0.335 0.378 2305 
5b 0.563 0.331 1.3)7 
6a 0.349 0.363 0.834 
6b 0.25) 0.390 0:;99 
6e 0.219 OA34 2.180 
7a 0.232 OA43 0:;46 
7b 0 .349 OAOI 0.023 
8a 0.122 OA86 0 .630 
8b 0.165 OA)3 0.371 
9a 0.234 0.394 0.6)6 
9b 0.341 0.35) 0194 
lOa 0. 1 )8 OA)O 072) 
lOb 0.372 0.357 0 
Chal?tcr 7: (·rtlss-.I"t'c//onal data. hcd mal erial and hvdrall/ics 
• 
Page 150 
II 0.302 (1.354 o 
12 0417 0.337 0449 
u 0. IX2 0442 0.646 
7..1.1 Mhlalhll=e /liver 
The same technique for determining stage discharge curves for the Mkomazi River were applied to 
the four sites forthe Mhlathuze River. These have been published (Jordanova. 1998 in Louw, 1998b). 
Where there were multiple channels at a site, the individual channels were modelled separately. When 
a critical discharge was reached such that the individual channels flowed as a discrete unit, a different 
rating was applied . In this manner it was possible to rate each of the distributary channels . Figure 7.8 
displays an example ofa stage discharge curve for Site I b. Table 7. 14 displays the coefficients from 
the regression analyses for the four sites. Using this technique, rating curves were developed for the 
four rated cross-sections for the Mhlathuze River. 
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Table 7.14: Coefficients to Equation 7.4forfour sitesfor the Mhlathuze River. 
: Site 
I. 
l h « IIIl1 .1~ .. ') 
l h (>llm-'s") 
2. 
3a 
4a 
7.-1.3 Oli(allls River 
r 
! 
0 . .170 
11..177 
0.165 
0. 221 
O .. H7 
0.245 
Coefficient 
a b 
0.44.1 0.60 
O.24R o 
0.722 o 
0.471 o 
0.415 o 
0 .467 11..110 
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c 
The same hydraulic technique was applied to the four sites for the Olifants River. These have been 
published (Jordanova, 1998 in Louw, 2000). Rating curves were calculated for each of the cross-
sections for each site for the Olifants River. As in the Mkomazi and Mhlathuze Rivers, where there 
were multiple channels at a site, the individual channels were modelled separately. Figure 7.9 displays 
an example ofa stage discharge curve calculated for the Olifants River Site 3. Table 7. 15 displays the 
coefficients from the regression analyses for the four sites for the Olifants River. Using thi s technique, 
rating curves were developed for the four rated cross-sections for the Olifants River . 
7.-1.-1 Qllality alldit and slimmary 
The accuracy of the hydraulic computations depends on a number of factors : an adequate estimate 
of the boundary roughness ' n', the water surface slope, and the range of flows utilised to calibrate 
the rating curve. The modelled boundary roughness is subject to error. In an attempt to minimise 
possible error, values from photographs (Barnes, 1967), previously modelled data (Chow, 1959) and 
available roughness calculations from South Africa (Broadhurst et ai, 1997) were used . This 
increased the confidence in the boundary roughness estimates. The slope was calculated as a function 
of the relationship between the water surface slope measured in the field , and the regional slope as 
measured offa 1 :50000 topographical map. The resistance coefficient and energy gradient calculated 
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for high tlows probably achieves a higher degree of confidence, as local hydraulic controls become 
inundated and drowned-out, resulting in a tendency towards uniform water surface gradients and 
asymptotic resistance coefticient values. 
The range oftlows used to calibrate the rating curve for all three rivers were deemed acceptable. A 
minimum of four calibration site visits were undertaken for each of the sites. The range of flows 
varied, but were sufficient to provide a reasonable level of confidence in the rating procedure. During 
the period of study, the Mkomazi and Olifants Rivers experienced high flows, and thus the confidence 
in the hydraulic calculations for these two rivers is good. The Mhlathuze River proved to be 
problematic, as the flow was highly regulated, and therefore only low flows were used to calibrate 
the stage discharge curve. This means that the confidence in high flow hydraulic calculations is 
moderate to low. 
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Table 7. 15: Coefficients to Equation 7.4 for four sites for the Olifant.~ RiI'er. 
--" --. - _. --- - - ---- -
Site Coefficient 
a b c 
I «J.O() I11 ~S ·I ) (1.354 (1.315 0 
I «3 ,06111"15.1<50 m)s·l ) 0 . .128 (1.376 0 
I (>50 111's" ) 0.282 (U1 7 0 
2 «100 111 '5") (1.377 (1.321 0 
2 (> I 00 Ill'S" ) 0 . 186 0.H2 0 
.1 0. 128 0 .564 (1.3)6 
4 «16.R 111's" ) 0 .67.1 0.261 0 
4 (> 16.8 111's" ) 0 .H 7 0.416 0 
7.5 Summary and conclusions 
The preceding discussion has presented the methods and results obtained ITom the cross-sectional 
data, the bed material analysis and the hydraulic computations. Of the three rivers selected for study, 
two, the Mkomazi and Olifants, contain a coarse heterogenous bed . The third river, the Mhlathuze, 
contains a homogenous, well-sorted sand-bed . All of the rivers are characterised by complex 
channels, with distinct in-channel benches and terraces . 
Chapter 8: Bed Material Transport and Sediment-
Maintenance Flushing Flow Methods 
8.1 Introduction 
This chapter is divided into two parts. The first part deals with the methods used for the bed material 
transport calculations, and the techniques employed in determining effective and dominant discharge. 
The second part of the chapter discusses the methods used in determining sediment-maintenance 
flushing flows . 
8.2 Generating the effective discharge 
The effective discharge was generated using the three bed material transport equations (see Section 
8.2.1), together with the hydrology (Chapter 6), cross-sections. bed material data and hydraulic 
computations (Chapter 7). Section 8.2.5 presents the procedure that was used. 
8.2.1 Bed maferialtrallSporf equations 
Due to the large number of bed material transport formulae in existence, the selection of reliable 
equations suitable to the physical conditions of a particular river are of significance. For the purposes 
of this thesis, three bed material transport equations were selected . These are the Yang (1972) , 
Ackers & White (1973), and Engelund & Hansen (1967) equations. The three equations chosen are 
all based on stream power, a factor considered to be more appropriate shear stress (Chang. 1988). 
In a number of comparative tests. the Ackers & White (1973) formula has been shown to perform 
well (cf Chang, 1988; Gomez & Church, 1989), it has also been widely used in South Africa (cf 
Birkhead ef al. . 2000) . The formula accounts for bed load and suspended load and has been 
developed from best-fit curves from almost 1000 sets of laboratory data . The Ackers & White 
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equation has been formulated for heterogenous gravel-bed rivers. As mentioned earlier the Mkomazi 
and Olifants Rivers consist of coarse cobble-beds, and it is argued that the Ackers & White formula 
is suitable to the physical conditions of these two rivers. 
The Yang equation has also been shown to perform well in comparative tests (cf Chang, 1988; 
Gomez & Church, 1989), and is a useful equation for a variety of bed-types. It has separate 
components for sand and for gravel and larger sized material. The Yang equations for sand and gravel 
are identical in general form, but have different numerical values for the coefficients relating to the 
variation in particle size. The equations can therefore be used with a reasonable amount of confidence 
for all three rivers under consideration. The final equation chosen was that of Engelund & Hansen 
(1967). This equation was developed specifically for regime-type sand-bed alluvial channels. The 
Mhlathuze is such a channel. Given the nature of the channels under consideration, it is argued that 
these formulae are suitable for predicting bed material transport . 
In order to account (to some extent) for the heterogenous nature of the beds, the transport equations 
were applied to each grain size class separately, and later summed so that the relative proportions of 
each grain size class's contribution to the total transport rate could be accounted for. This does not 
imply that the equations account for the ' hiding factor' or the 'obstacle clasts ' (cf Figure 4.1). 
Rather, the data sets from which the Yang and Ackers & White equations were developed take into 
account the different types of bed material transport that occur in sand- and gravel-bed rivers through 
different coefficients 
A number of assumptions were made in using these bed load equations. The first assumption made 
was that the bed material sampling programme for each site was representative of the supply of 
material to the channel (thus bed malerial transport as opposed to bed load transport). This 
assumption was made due to the lack of any viable alternative. Solving this problem would require 
an extensive modelling exercise linking sediment delivery trom the catchment to the channel, which 
in itself would be based on a number of further assumptions. This solution fell outside the boundary 
of this research. A second assumption made was that the bed material size distribution could be 
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averaged for the entire site and used to represent each cross-section. It is argued that although this 
may misrepresent certain cross-sections, the averaged effect will compensate for this and will provide 
a more representative result. 
The third assumption made was that the supply of material to each site is constant, and that the 
relative proportion of sediment sizes (and volume) supplied to each site was the same as the relative 
proportions of the sizes (and volume) of the sampled bed material. This assumption was necessary, 
as the alternative would have necessitated a complete shift of research focus towards routing the 
sediment through the system, which again, would involve a further series of assumptions. [Birkhead 
et al. (2000), for example, in modelling sediment transport through the Sabie River, used one grain 
size (1 .0 mm) to represent the entire bed load]. For this reason, an approach was adopted that uses 
channel cross-sections within a short reach. This allows the various hydraulic parameters to be 
measured accurately (see Chapter 7) The values that were generated were thus linked to individual 
cross-sections and represent bed material transport potential within the predictional limits of the 
equations. 
The fourth assumption made was that where there is armouring, the armour needs to be mobilised 
before the sub-armour layer can be transported. This may mean that the transport values that were 
computed once the coarse armour layer is mobilised under-represents the actual transport rate. 
The fifth assumption made was that average conditions could be used. Where depth or velocity was 
required, it was averaged over the cross-section . Although this may under-represent transport at 
certain points along the cross-section (for example, where local conditions create high velocities), it 
is argued that it will also over-represent transport at other points along the cross-section. In this way 
the averaged effect will provide the most consistent results. 
Given the preceding assumptions, the following section provides an overview of the use of the three 
transport equations. 
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8.2.1.1 Yang's equation 
Yang (1972; 1973; 1984) related the bed material load to the rate of energy dissipation of the flow. 
To solve Yang' s (1972) formula, the settling velocity must be determined . The settling velocity partly 
determines the rate, mode and distance of transport by shearing forces in a fluid (Chang, 1988). The 
general method for calculating settling velocity is by the general drag equation. Stokes' law is 
applicable to particles of less than 60 microns which is clearly unsuitable for a general transport 
equation. The rate at which a particle settles in a stationary fluid depends on the viscosity and density 
of the fluid, and on the size, shape, density, roundness and surface texture of the particle. The 
difficulty is that no theory based on the physics offlow exists to predict the settling velocity of natural 
sediments. For this reason, workers in the field have produced empirical curves based on laboratory 
work . Due to limitations in the laboratory, most researchers have focussed on a limited range of 
particle and fluid properties, and several do not identifY all the factors responsible for settling 
velocities. The result is that these curves are oflimited use as this method is primarily applicable to 
spheres (James, 1998). 
For natural sediments, the approach by Dietrich (1982) is deemed more appropriate. Dietrich ' s (J 982) 
method accounts for size, density, shape and roundness . The method is as follows . First , the 
dimensionless particle size is determined: 
D. = ((p, -P ):Dn'J 
pv -
(81 ) 
where 
D. is the dimensionless particle size 
p, is the density of sediment (kg m··') 
p is the density of the water (kg m··') 
g is the gravitational acceleration (m s·') 
On is the nominal diameter (m) 
v is the kinematic viscosity of water (m' sec·') 
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Second, the equation for predicting the settling velocity of spheres is calculated: 
R] = -3.76715 + 192944(log D.) - 0.09815(1og D.)2 - 0.00575(log D.)J 
+0.00056(1og D.) 4 
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(82) 
To account for the impact of shape on settling velocities, the Corey Shape Factor (CSF) is included 
(Corey, 1949). The shape factor which ranges from 0 to 1.0 is a ratio of the cross-sectional area of 
a sphere to the maximum cross-sectional area of an ellipsoid. The smaller the value, the flatter the 
particle. 
CSF= (k) (8.3) 
where 
a is the longest axis (m) 
b is the intermediate axis (m) 
c is the shortest axis (m) 
The CSF is used in the following form to account for natural particle shape, where the ratio of the 
settling velocity of a non-spherical, well rounded particle to the settling velocity of a sphere with the 
same D_ is calculated : 
[ ( (I-CS£) l] ., ( ) R, = log I - 0.85 ) - ( I - CSF) " tanh log D. - 4.(1 (84) 
+03(0 5 - CSF)(1 - CSF)'(logD. - 4.(1) 
To account for the roundness of the particle, Dietrich (1982) developed the following equation which 
predicts the ratio of the settling velocity of an angular particle to that ofa well rounded particle: 
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[ (CSF) ] l . · ~'> R, = (}(is - 2.83 tanh(log D. - 4.6) (85) 
where 
p is the power roundness scale (0 is perfectly angular: 6 is perfectly round) 
The estimation of p is highly subjective, and is usually estimated with the standard method to assign 
roundness based on diagrams, photographs, or verbal descriptions. The scale ranges from 0.0 for 
perfectly angular to 6.0 for perfectly round (Dietrich, 1982) . 
The dimensionless settling velocity is calculated 
W. =Rjl(jl,+R, 
This can be converted into a value by: 
w. (p, -p )gvj l] 
W = [----
p 
Once the settling velocity has been calculated, it can be applied to Yang' s equation . 
Shear velocity is calculated : 
U. =(gRSf5 
(86) 
(8.7) 
...... (8.8) 
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where 
U. is the shear velocity (m s") 
R is the hydraulic radius (m) 
S is the slope (m1m) 
The Shear Reynolds number (SR) is determined : 
[U.d] SR= - v (89) 
where 
d is the geometric mean diameter of the sediment size class (m) 
The critical velocity to settling velocity ratio is computed. The ratio of these two velocities is related 
to the Shear Reynolds number. In smooth and transitional regions where the Shear Reynold's number 
is between 1.2 and 70, the ratio is represented by Equation 8. lOIn the rough region, where the Shear 
Reynolds number is greater than 70. the ratio is a constant - independent of the Shear Reynolds 
number (Equation 8.11). 
(
[I,dl f1L2 5, - ,-, 15, 71l.rhen 
(8.10) 
- = + 11.66 ([J ,.) [ 25 1 
w, log(U.d I v) - 11.06 J 
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( U-:!i /no ~ dJ 
then (81 I) 
(~' 1 = 2.05 
, 
The sediment concentration for sand «2 mm) is calculated (Equation 8.12) C, is in parts per million 
by weight. The sediment concentration for gravel and larger (>2 mm) has the same form but has 
different numerical values for the coefficients (Equation 8.13) . 
' Wd ,{._ 
k'gC. :: 5.435- o.2R(l iog; ~ - OA571ng; ~ 
" 
' Wd' , [:_ . · I.S ' I : s· 
1.799 - OA09 1"l!I -'- - OJ 14 1"l" --:- h)g' ~ -': 
\" ff , _ , ; If 
(812) 
( Wd ) (U_ ) log C, = 6.681 - o 633 1o£( ~ - 4.8 16 log W, 
(813 ) 
[[ (W,d) Wl] ([ US) (U,S))] + 2.784 - 0.305108\ -I' - 0282108\ w, lO ll( w, - W, 
8.2.1.2 Ackers & White equation 
The Ackers & White formula (1973) is also based on the stream power concept (Ackers, 1993) . 
Ackers & White (1973) related the concentration of bed material load as a function of sediment 
mobility . They relate the transport of coarse sediment to the stream power that generates the grain 
shear stress; this is reflected in the first part of the mobility number (Equation 8.18) Finer sediments 
which travel in suspension are assumed to be a functi on of the total bed shear; thi s is reflected in the 
second part of the mobility number (Equation 8.18) . Ackers & White (1973) thus account for both 
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modes of transport. Where only coarse sediments occur, the coefficient n is 0 Ackers & White 
(1973) have thus constructed an equation in which coarse sediment is considered to be transported 
mainly as a bed process. The fine sediment is considered to be transported within the body of the flow 
where it is suspended by stream turbulence. 
The Ackers & White formula is thus written: 
d, ={~(~T' (814) 
where 
d. is the dimensionless grain diameter (m) 
s is the specific gravity of the sediment 
d is the geometric mean diameter of the sediment (m) 
Ir,d,60 ~ d, ~ I 
loge = 2861ogd, - (IOgd,), - 3.53 
n = 1- 0.5610gd, 
(
0231 A= .jd;)+ OI4 
(8 15) 
(9.66) m = d, + 1J4 
Chagter 8: 
{r ,d. <: 60 
c = 0.025 
n= 0 
A = 0.17 
m = 1.50 
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Shear velocity is calculated : 
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(816) 
U. ={gRS/5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. (8 .17) 
The sediment mobility number (F g) is determined from : 
[ 
[! " ][ U ]1-" 
F. = (gd(s ~ 1)) 05 (32) 12 log(IOR I d)) (818) 
where 
R is the hydraulic radius (m) 
Finally the sediment concentration is calculated (C,) : 
c, = c.{ ~)CJ n( (:R) -lr (8 .19) 
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8.2.1.3 Engelund & Hansen equation 
Engelund & Hansen (1967) used an adaptation ofBagnold 's stream power concept to develop their 
model. The equation was developed specifically for regime-type alluvial sand-bed rivers . The equation 
relates the sediment concentration (ppm) to the rate of energy expenditure per unit weight of water 
(the U-S product) and the shear stress (the R-S product) . Chang (1988) maintains that it can be 
applied to the upper flow regime to particle sizes greater than 0.15 mm without serious error. The 
Engelund & Hansen equation is thus written : 
( S J[ US ][ RS ] C . =0.05 - 0' 
, s-I ((s-I)gd) ·· (s-I)d (820) 
where 
s is the specific gravity of the sediment 
U is the average velocity (m s") 
S is the energy gradient (mlm) 
R is the hydraulic radius (m) 
d is the geometric mean of the sediment class (m) 
f!. 2. 2 HydroloRical data 
I n Chapter 6, the method of generating the daily times series was presented. The daily flow data was 
used to generate I-day daily flow duration curves and flood frequency curves (annual and partial 
duration series) Using the I-day daily flow duration curves, flow classes were calculated for each 
site. The breakdown of the individual flow classes was based on the assumption that flows equalled 
or exceeded 10% of the time or less would probably be those flows that would be the most 
significant in terms of bed material transport. In the light of this assumption. the flows from the 
99.99% equalled or exceeded to the 10% equalled or exceeded are divided into 10% duration flow 
classes. The flow exceedences less than this are divided into smaller flow class durations, 5%, 4%, 
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0.9% and 0.09% respectively. The geometric mean of each flow class was then calculated . 
8. 2. 3 Hydraulic data 
Chapter 7 has presented the methods used to determine the stage-discharge relations for each of the 
cross-sections. These were applied to the flow classes calculated from the flow duration curves, and 
then related to the cross-sections at each site so that parameters such as width, mean depth, hydraulic 
radius, slope, perimeter and average velocity could be calculated for the geometric mean of each flow 
class. 
8.2. ,/ Bed materia/ data 
Chapter 7 has presented the methods used and the data obtained for the bed material data. These data 
were used in determining the bed material transport for each of the rivers. 
8.2.5 Bed materia/trallsport equatiollS 
Having obtained the above mentioned information, it was possible to apply the three bed material 
transport equations to each flow class for each site. It is important to note that the equations were 
utilised such that each grain-size class was calculated separately. This enabled the calculation of 
initiation of motion and settling velocity for each grain-size class, as well as the proportion that each 
size class contributed to the overall transport rate. The actual transport values for each flow class for 
each size class are presented in Appendix F. The procedure for applying the above methods to 
generate the bed material transport for each site is as follows 
For the Yallg equatiol1: 
a) Compute the flow classes at each site from the hydrological information (Tables 9.1 to 94) 
b) Compute the width, mean depth, hydraulic radius, slope, wetted perimeter and average 
velocity for each flow class from the cross-sectional data and hyd raulic rating curves 
c) Determine relative size classes for the bed material 
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d) For each bed material size class and for each flow class, compute the settling velocity using 
the Dietrich approach (Equations 8. 1 to 88) 
e) For each bed material size class and for each flow class, compute the Shear Reynolds number 
(Equation 8 9) 
f) For each bed material size class and for each flow class, compute the velocity to settling 
velocity ratio for the sand class and the gravel and greater class (Equations 8. I 0 and 8.1 I) 
g) For each bed material size class and for each flow class, compute the sediment concentration 
for the sand class and the gravel and greater class (Equations 8.12 and 8. 13) 
h) Compute the total annual load in tonnes for sand, for gravel and for cobbles and greater 
i) Compute the total annual load in tonnes 
j) Compute the sediment transported for each flow class in kg m-" s· , 
k) Compute the percentage bed material moved as a proportion of the whole for each flow class 
I) Compute the maximum competence for each flow class 
F()/·the Ackers & White equation: 
a) Compute the flow classes at each site from the hydrological information (Tables 9.1 to 9.4) 
b) Compute the width, mean depth, hydraulic radius, slope, wetted perimeter and average 
velocity for each flow class from the cross-sectional data and hydraulic rating curves 
c) Determine relative size classes for the bed material 
d) For each bed material size class and for each flow class, compute the dimensionless grain 
diameter (Equation 8.14) 
e) For each bed material size class and for each flow class, compute the coefficients (Equations 
8.15 and 816) 
f) For each bed material size class and for each flow class, compute the shear velocity (Equation 
817) 
g) For each bed material size class and for each flow class, compute the sediment mobility for 
fine and coarse sediments (Equation 8.18) 
h) For each bed material size class and for each flow class, compute the sediment concentration 
(Equation 8.19) 
i) Compute the total annual load in tonnes for sand, for gravel and for cobbles and greater 
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j) Compute the total annual load in tonnes 
k) Compute the sediment transported for each flow class in kgm".s" 
I) Compute the percentage bed material moved as a proportion of the whole for each flow class 
m) Compute the maximum competence for each flow class 
For the Engehmd & Hansen equation: 
a) Compute the flow classes at each site rrom the hydrQlogical information (Tables 9.1 to 9.4) 
b) Compute the width, mean depth, hydraulic radius, slope, wetted perimeter and average 
velocity for each flow class from the cross-sectional data and hydraulic rating curves 
c) Determine relative size classes for the bed material 
d) For each bed material size class, for each flow class. compute the sediment concentration 
using the Engelund & Hansen model (Equation 8.20) 
e) Compute the total annual load in tonnes for sand, for gravel and for cobbles and greater 
f) Compute the total annual load in tonnes 
g) Compute the sediment transported for each flow class in kg m" s" 
h) Compute the percentage bed material moved as a proportion of the whole for each flow class 
i) Compute the maximum competence for each flow class 
8.2. () Stream power and shear stress 
Stream power was calculated for each flow class. Stream power (w) has been shown to be an 
effective substitute for bed load transport potential. Williams (1983) has shown that a minimum 
power per unit area of 1 000 Wm" or more will move boulders with an intermediate diameter of 1.5 
m. The value is given in Watts per metre squared. Unit stream power is written : 
l'il = yQS 
.(8 .21) 
I<' 
where 
y is the specific weight of the fluid (9800 Nm") 
Q is the discharge (m's") 
w is the channel width (m) 
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Shear stress ('t) was also calculated. The conventional means of calculating boundary shear stress was 
utilised. The value is given in Newtons per metre squared. Average depth was used in calculating the 
boundary shear stress. 
't = pgDS . ... (822) 
where 
D is the average depth (area/width) (m) 
fI. 2. 7 Dominanf discharge 
Dominant discharge was calculated using the Marlette & Walker (1968) equation (see Equation 3. I) . 
Dominant discharge was calculated separately from the data that were generated for the three 
transport equations. 
8.3 Sediment-maintenance flushing flow,~ 
One of the consequences of impounded rivers is that reduced magnitude and frequency of flooding 
may lead to the accumulation offiner sediment on the channel bed, The channel may then narrow. 
resulting in increased flood risk and reducing the variety and areal extent of aquatic habitat. 
Furthermore. it was shown in Chapter 4 that unless the coarse bed is moved on a ' regular ' basis, tine 
material may till the interstices resulting in higher incipient motion values. which in turn may lead to 
further sedimentation. To avoid this situation. it is necessary to ensure that the sand- and gravel-sized 
material are moved through the river system. The determination of the magnitude and frequency of 
flows necessary to maintain the aquatic habitat in a natural condition is known as sediment-
maintenance flushing flows (Reiser ef al. , 1989) Two options for setting sediment-maintenance 
flushing flows were considered the Milhous approach and the Relative Bed Stability (RBS) 
approach . These will be discussed in turn . 
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8.3.1 Milholls 's approach 
The Milhous approach uses a number of equations developed using the Oak Creek data to determine 
the maximum size of the wash load, suspended load and bed load for each flow class (Milhous, 
1973). The hydraulic component of the model determines the conditions required to remove and 
transport sediment through the stream channel and to maintain the channel morphology (Milhous, 
1998b). The maximum size of the sediment to be moved is the maximum size ofthe wash, suspended 
or bed load depending on the specified objective. The following equations were used to calculate the 
maximum size of the wash load (d m",w), suspended load (d m,x,) and bed load (d m,xh' )' 
R ~' , e 
d",a, ,= 0.56(G, -I) · (823) 
d 
max s 
RS 
e 
· (824) 
028«(; - 1) , 
2.R5 
RSe J 
d",ax hl=d;n"l 0.0 18(G, -1 )d;n" · (825) 
where 
R is the hydraulic radius (m) 
S, is the energy slope (m/m) 
G, is the specific gravity of the particles 
d;n, is the median grain size of the stream bed armour and should only be used when the median 
size of the bed load is less than the median size of the armour (Milhous, 2000) . The objective 
is to keep the bed material moving through the stream when the armour is relatively stable. 
The equation used in the calculation of the median size of the bed load (d snh,) is 
'\ 2 .• ; R, ,, J 
dlo h,=d;n) 0.046(G , -1 )d;n " · (826) 
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When the median size of the bed material is less than the median size of the armour, the bed load 
equations are for the calculation of the sizes of the bed load during flushing of the bed material, and 
not for general movement at higher stream flows. Earlier, Milhous & Bradley (1986) developed a 
stream substrate movement parameter, p, to determine the flushing flows needed in a stream. p is the 
critical dimensionless shear stress, calculated using the median size of the bed surface material. The 
equation for the substrate movement parameter beta (P) is : 
RS
e 
P = d (G -I) 
50,) .f 
. (827) 
The selection of the values of the substrate movement parameters needed to define a flushing flow 
were developed from data obtained from bed load transport research in Oak Creek, Oregon 
(Milhous, 1973). The data indicated that the value ofthe P required for the removal offines and sand 
from the surface ofa gravel-bed river for surface flushing is 0.021 , and for the removal of material 
within the substrate (depth flushing) is 0.035. An important inherent assumption is that the Oak 
Creek results can be extrapolated to other rivers . 
The mode of sediment removal is important. Milhous (1998c) argues that the sediment should be 
moved as wash load when the objective is to move sediment rapidly through the stream and where 
the presence of the target size is detrimental to the ecosystem. Sediment should be moved as 
suspended load when the objective is to move sediment at reasonable rates, but where some 
deposition is acceptable. Sediment should be moved as bed load when the larger sizes are to be 
scoured, for example the removal of gravel from a pool. The load size equations were developed 
using gravel-bed rivers, and hence it is probably unwise to use equations where the median size is less 
than 2.0 mm. 
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8.3.2 Relative Bed Stahility (RES) 
The central assumption in the RBS approach is that a channel can become unstable when particle 
sizes equal to or greater than a critical percentile are moved at bankfull (or some other pre-
determined stage) (Olsen et al., 1997) For the purposes of this thesis, the critical particle size is 
taken as the 0" (i.e the particle diameter for which 84% of the bed particles are finer) This is 
consistent with several studies (cf Carling, 1988; Sidle, 1988; Leopold, 1997; Olsen e/ al. , 1997) 
The assumption in using the 0" is that a coarse grain size must be entrained before the bed becomes 
fully mobilised and unstable. 
83.2.1 Calculating RBS for fine sediment 
The first step in calculating RBS is to determine the threshold of motion . Mean shear stress over the 
bed was calculated using the OuBoys equation: 
t h,,"I1id! = PRRS . (828) 
Critical dimensionless shear stress (t,:) is calculated. The value of t ,;* varies as a function of 
absolute particle size (0;) and the relative size of 0 / 0,,,. This dependence is explained in terms of 
particle hiding and exposure. Particles larger than the mean size are exposed to the flow due to their 
greater protrusion into the flow, and are thus more easily entrained than would be the case with more 
uniform sediment. The converse is true for particles smaller than the median grain size, which remain 
hidden in the armoured layer. Thus the Andrews (1983) equation is used 
[) x 
. =8(-' ) t e, ) 
I 50 
. (829) 
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where 
8 is dimensionless coefficient (usually 0.045) (after Komar, 1989; Petit, 1994; Olsen ef al. , 
1997) 
x is the power slope relationship (usually 0.7) (after Komar, 1989; Petit, 1994; Olsen el aI., 
1997) 
Di is the particle diameter (m) 
0, is the reference diameter (usually 0,,) (m) 
The Shields criterion was then used to predict the threshold of bed load initiation, where'd is the 
critical dimensional stream bed shear stress : 
, =, =, '(p -ploD 
cr/ll col Cl Cf ,( t-. . I . (830) 
To calculate RBS : 
RESt = 't cntlcll/ 
. (83 I) 
t hOrll.1itll 
If ' ,.",,,,,, is greater than "."'ii,lI, then the stream channel can be considered to be stable. The higher the 
value of ' """,., over """'M~ the greater the stability of the channel. If,c"","' is less than 'o."'k/id~ then 
the stream channel can be considered to be unstable. For example, if ' 0.",".11 is estimated to be 50 
N/m' and ' ,,,,,,,,, is 90 N/m', the RBS value would be 90/50 = 1.8, and thus the channel can be 
considered to be stable. 
8.3.2.2 Calculating RBS for coarse sediment 
The second RBS method used is for coarser material in a heterogenous bed. To achieve this the 
Bathurst ef al. (1987) equation was used to calculate the bankfull unit discharge (0,,) . 
qc =0. 15g 05D U s 1. 12 
. , . . , . . , .. , .. . , . . . . . .... (832) 
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The hiding and exposure effects were modelled using the bankfull unit discharge: 
D 
q" = a (_' )h 
D,. 
where 
a IS q, 
h = (5(I - x)) 
3 
The reference critical unit discharge is calculated : 
qc = 0 . 15~ 0 5D 1\) 1.12 
and; 
q crlflcal 
Finally 
D 05 
= 0.916 (-' ) 
D ' 
RBSq = 
q ent/cal 
q han/dilll 
· (833) 
. . . . . . . . . . . . . . ..... (834) 
· (835) 
· (836) 
· (837) 
The RBS is used in a modified form for this thesis . The RBS value was calculated for a number of 
scenarios for each flow class, including the RBS for the 0", 0 ", Om. D Oll> gravel and sand classes. 
These are presented in Appendix H at the back of the thesis . The RBS index was only calculated 
using the shear stress values. The RBS using the unit stream power approach (Olsen el al. , 1997) was 
unclear (Equations 832 to 837), and could not be used with any degree of confidence. 
8.4 Conclusion 
The approach that has been outlined in this chapter was applied to all three rivers under 
consideration. The following two chapters present the results and discussion of the implementation 
of this approach to the Mkomazi (Chapter 9) and Mhlathuze and Olifants Rivers (Chapter 10). 
9.1 Introduction 
Chapter 9: Results and Discussion-
the Mkomazi River 
The aim of this chapter is to present the results obtained for the bed material transport analysis and 
the sediment-maintenance flushing flow computations for the unregulated Mkomazi River. The 
chapter is divided into two sections. The first section deals with the bed material transport analysis 
and the second section deals with the sediment-maintenance flushing flow computations . Forthe first 
section. the results are discussed in the context of a number of research questions: 
I. What are the channel morpholoK}' characteristics? 
2. What is the dominant dischar[(e? 
3. What is the effective dischar[(e.? 
-I. Is there any relationship hetween estimated hankfll11 discharr<e. dominant dischar[(e and 
effective discharr<e? 
It is important to note that the values that were obtained from the modelling exercise were compared 
as percentages. rather than assigning them absolute values. Appendix F displays the actual transport 
values. Summary tables of the bed material transport analysis for each of the sites are presented in 
Appendix G. while the summary tables for the sediment-maintenance flushing flows are available in 
Appendix H. 
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9.2 The Mkomazi River 
9.2.1 Overview 
The geographical setting of the Mkomazi River was described in Chapter 5. The Mkomazi River 
drains an area of around 4387 km'in KwaZulu-Natal , and is the last remaining large eastern sea-board 
perennial South African river that remains unimpounded . Thirteen sites were chosen for analysis along 
the Mkomazi. Tables 9.1 to 9.4 display the calculated flow classes for each of these sites from the 1-
day daily flow duration curves. The geometric mean of each flow class was used in the bed material 
transport calculations to represent each flow class. For example, at Site 1 (Table 9.1) the range of 
flows experienced between 0.1 % time equalled or exceeded and the 0.01 % time equalled or exceeded 
is from 47.143 m's" to 1 02.772 m-'s" . The geometric mean of this class is 69.606 m's" . This was used 
in conjunction with the duration that each flow class represented as a proportion of one year (36525 
days) . For example, a flow class that represents 0.09% of the time occurs for 0.3 days in one year. 
Table 9.1: Flow classes calculated/or the Mkomazi River sites I to 4. Value.~ are in m's''-
DID tim£' Q ('.<"OmetriC' Q \n"ometriC' Q ('ri'ornE'tri(' Q Gt'om('tric 
<"qual1E"d or mt'an 001\' mran no,,· mean flo,," mean no,"" 
('x('t't'ded da!l:ol da~!I da!ls class 
Sift' 1 Site 2 Sitt' 3 Sift' -' 
99.99 0.00 1 0.002 0.002 a.n06 
90 O. 19R 0.0 1:'\ 0.142 0.0 25 I,OO R 0.044 1.062 0.079 
RO 0.105 0.24(, 0.5 20 0.4 24 1.551 1.250 1.614 1.3 17 
70 0.414 0.355 0.714 0.61.'\ 2.106 I.R07 2.21 R 1.904 
60 O.55R DA RO 0,963 OXU) 2.RJ9 2.445 2.991 2.576 
50 0.770 n.tiS5 I .:un 1.112 .\ .910 :U.lfJ 4. 110 .1.5 15 
40 1.11.1 0.9 26 1.92.1 1.599 5.667 4.71.1 5.971 4.966 
.10 1.717 l..Wl .l .OOO 2.40 2 KR42 7.079 9 .,1\6 7.45R 
20 2.R61 2.210 4.946 ."\.RS2 14.577 11 .15."\ 1 ~ . 15R 11.96 1 
10 5.561 1.991 9.60R 6 .R'B 2K1 19 20 .. 1 1 R 29.R}6 2\.406 
; 9.271 7.IRI 16.0B 12.404 47.197 36.559 49 .725 3R.5 1 R 
I 19.561 D .467 34.909 23 .64J 99.5R5 6R.557 104.920 72.23 0 
0. 1 47 .141 10.167 R4. 110 54.191 216. 100 146.69R 227.677 154.557 
O.D] 102.772 69 .60h IR1 .404 124.217 41 6.522 307.116 459.907 :n.1 .5R9 
._-
-- -
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Table 9.2: Flow classes calculatedfor the Mkomazi River .~ites 5 to 8. Values are in m's-l 
0/ 0 time Q C-rf'Omdric Q C...('()mf1ric Q Cri'Omt"trk Q (~ml"tlic-
t'quallt"d or mra n flo1'\-' mun 110'1\' mnn nO'l\' m('"8nfloW 
l"x('('('dt"d da:ols cla",,, das~ das.."1 
Sift" !i Sitl' 6 Sitl" 7 Sill" H 
99.99 O.O}O 0.010 n,01 1 0 .011 
90 1.782 O.D~ I.R1R 0.\16 \.92fi 0. 144 1.91W 0.14R 
RO 2.742 2.211 2.798 2.255 2.964 2.189 3.0.,n 2.456 
70 3.722 .1. 195 1.798 3.260 4.021 1.45.1 4.1:Hi 1.550 
60 5.019 4.322 5.121 4.41 0 5.425 4.672 5.577 4.803 
50 6.930 5.fi:9R 7,070 6.017 7 .490 <U74 7.700 6.553 
40 10.01 9 ~un 10.22 1 R.501 10.82R 9.006 11.1 32 9.25R 
30 15.632 12.515 15.94R 12.767 16.R95 1J.52fl \7 .. 169 13.905 
20 25 .770 20.071 26.290 20.476 27.852 2U;9,l 2K6}J 22 .. 10 1 
10 50.064 35.919 51.076 36.644 54. 110 3R.1':21 55.(}21 39.909 
5 Kt437 64.(111 85.12:1 65 ,9.l7 90. 1RO 69.R54 92 .70R 71.RIJ 
I 20R.59.) 13 1.926 212 .R07 1."\4 .591 225.449 142.5R6 B I.77D 146.5R4 
0. 1 -'O6 . 7~6 291.2R-' 414.974 297 .1tl9 419.626 J 14.R22 45 1.952 .123 .649 
0.01 622 . .l.l7 .50.1. 1.10 6.14.91 0 .5 D.294 672 .627 54.l .7R7 691 AR6 559.0:n 
... 
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Table 9.3: FlolV classes calculatedfor the Mkomazi River sites 9 to 12. Values are in m3~-1 
% tim€' Q C'...-.om('trk Q (,y('{)mt'tri, Q Gf"ornphiC" Q C'ri'OmE'tri(' 
equalltil OT mean flO'ft· m('an now mean flow ml'an no,. .. 
t'x('('(",h'd da~'1 da~!! da!l!l da!l.~ 
Sit(' 9 SitE' 10 Sitl' 11 SitE' 12 
99 .99 0.509 0 .532 0.,54:1 0.572 
90 .1 .272 1.290 1 .421 1349 3.495 LnR :1 .681 1.451 
~O 4,445 J.814 4.1)47 .1 .987 4.748 4.074 5.000 4 .290 
70 5.889 5. 116 6. 157 5.349 6.290 5.4(;5 6.625 5.756 
60 8.140 6.924 R.5\0 7,2:'R 8,695 7.396 9 . 15~ 7.7R9 
50 11.27:\ 9.579 11. 785 J(l.015 12.041 10.2.12 12.682 10.777 
40 16.040 1 J.447 16.769 1·:1.058 17.1:'-1 14 . .l().l ltiUJ45 15 . 12~ 
,10 2S .0M 20.028 26.145 20.9:18 26.71 .1 21..l94 28 .1.'4 22 .5.11 
20 40.921 1\ .990 42 .7Rl 33.444 43 .71 1 .14.171 46 .016 35.988 
10 74 .805 55 . .1:27 78 .206 57.842 79 .906 YH)99 84.150 62.243 
5 114.S·U 92 .6S6 120.062 96.S99 122.672 99.006 129.197 104.272 
I 301.740 lR6 .151 ."\14.740 194.392 ."\2.1.4 10 199. 1R2 ."\40 .400 209 .71 1 
0.1 5SR3S0 421 .352 (, U .740 439.509 6~O . 640 4516 14 663 .770 ·nS.:U9 
0.0 1 900.2.10 727.7R9 939.010 759 .150 964.S9(J nO.06:1 1015.57 R21 .fl:19 I 
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Table 9.4: Flow classes calculatedfor the Mkomazi River Site /3. Values are in m3.~-l 
% tim€' pqualle-d or ('X('('edt'd Q I C..e-oml'tri(" mt'an now class 
Sltl' 13 
99 .99 0.578 
90 1.71~ 1.466 
~O 5.05 1 4.114 
70 6.(;92 5.R14 
<\(, 9.2.50 7.RIlR 
50 12.R1O IO.RR5 
40 I!U27 15.2RO 
JO 2R.41 R 22.759 
20 46.501 16.152 
10 R5.006 fl2.R72 
5 1 :Hl.,502 1 0~d 2 5 
,142 .260 211.142 
0.1 66;.410 477.941 
0,0 1 1021.DO R25.53R 
9.3 Research question.~ 
9.3.1 Research q1lestion I: What are the chal1l1el morpholof!Y characteristics .? 
The results indicate that there is no consistent downstream trend (using MAR as a substitute for 
distance) in the estimated bankfull discharge (Figure 9.1) The R-squared value between estimated 
bankfull discharge and MAR is 0.04 (insignificant at the 95% level) . The estimated bankfull discharge 
ranges fTom 11 7 m's" (Site 9) to 482 m' s" (Site 3) (Table 95). The estimated return periods for the 
bankfull discharge range fTom 1.1 years to >39 years on the annual series with an average return 
period of8 .6 years, while the return periods for the partial series range from 01 years to >39 years 
with an average of 7.1 years (Table 9.6) . Most of these values are higher than the average annual 
return period of 1.5 years suggested for bankfull discharge by Leopold (1997) Furthermore, the 
bankfull discharge as estimated in the field does not appear to be related to any particular flow return 
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period (Table 9.7) . The estimated bankfull discharge was compared to the 1.5 and 2.44 year return 
period for the annual series and the 0.9 and 2 year return period for the partial series - no re lationship 
is evident (Table 9.7) 
There are three possible explanations for this lack of trend . First . the field estimated bankfull 
discharges are incorrect. Second. there is no such thing as a bankfull stage/feature. and the variability 
of the hydrological regime coupled with strong bed rock control precludes such a stage/ feature - the 
morphology of the channel is related more to the resistance of the channel perimeter to, erosion than 
the shaping fluid (i .e the flow). Third. the estimated bankfull condition may represent the active 
channel prior to the most recent flood . and in this sense. the equilibrium morphology has been 
disrupted by the !lood . These issues will be discussed in a later in the chapter. 
Mkomazi river 
Comparison of discharges 
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Site number 
___ benchfull discharge ~ bankfull discharge 
Figure 9.1: Inundation .~tagefor the 'hench~full' disclUlrge and the e.Wimated han~rull discharge 
for the Mkomllzi River. 
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There does not appear to be any consistent trend for the macro-reaches. Macro-reach I and 2 display 
evidence of some trend. Macro-reach 3 and 4, however, do not (Figure 9. 1). The characteristics of 
the individual macro-reaches are given in Chapter 5 (sites I, 2, 3 and 4 are in macro-reach 1, sites 5,6 
and 7 are in macro-reach 2, sites 8 and 9 are in macro-reach 3, and sites 10, 11 , 12 and 13 are in 
macro-reach 4) In macro-reach 1 the bankfull discharge estimate increases from site I to 3 (121 m.ls-' 
to 482 m-'s- ' ). Site 4 shows a reduced estimated bankfull discharge (246 m's-') (Table 9.5) In macro-
reach 2, the estimated bankfull discharges are similar to those in macro-reach 1, but there is an overall 
increase within the reach. Macro-reach 3 consists of two sites, and it is thus hazardous to ascribe any 
trend to the results. In macro-reach 4 there is no real trend either It is important to note that the 
validity of these comments are limited by the number of sites that represent each macro-reach. 
There is a clear downstream trend in the 'bench-full' discharge (Figure 9.1 ). Although the calculated 
R-squared value between MAR and 'bench-full' discharge is 0.53 (i nsignificant at the 95% level), it 
is clear from Figure 9.1 that there is a consistent downstream increase in the 'bench-full' discharge. 
The 'bench-full' discharge ranges !Tom 49 m-'s-' at Site 4 to 247 m-'s-' at Site 11 (Table 9.5). The 
return period of the bench ranges from 10 years to 10 years on the annual series with an average 
return period of2. 7 years, and 0.1 years to 8 years on the partial series with an average return period 
of 1 J years (Table 96) It is clear that other than for sites 1 and 2, these values are in the range of 
the 1.50 year return period on the annual series that Leopold (1997) predicted for the bankfull 
discharge (Table 96) The only morphological feature that could be consistently related to a 
particular flow return period was the low bench. 
Table 9.5: Summllry dlltll for the Mlwmllzi Ri,'er. Data presented are the average data for each site. Values lire in nrls·l • 
Site MAR Qt.!' QUI Q ... , QP1 .O dominant effective bench estimated terrace I terrace 2 terrace J 
di!iCharge dhcharge Q, 
I 67 IX .1/ :H1 .1X 1<) .15 67 121 245 XU.1 
2 122 .1/ 55 5.1 6X 28 74 X4 26X 602 11I2X 
.1 JS() X<) 148 146 1811 (,l) 1.18 52 482 I 1.17 1527 
4 .175 1)4 156 154 IX<) 55 72 49 246 457 <)116 
5 6.14 182 29.1 286 .147 1.1(, 291 11 5 165 5.17 1478 
6 1>411 186 299 N4 .154 I I 9 225 811 249 ~Wl) 2216 
7 681 197 .11 7 .1 111 .175 242 276 94 .147 1481 
X (,98 211.1 326 .1211 385 (,2 147 1117 .11(, 1546 2722 .1921 
9 91[) 255 4411 4<)7 575 I ,(l .14.1 11 7 1457 
III 950 2611 -ISO SIX 6()() 174 . '58 2611 111.1 4726 
II 97(, 2(,X 4711 5.12 (>17 208 .l(I? 247 268 855 .12.19 
12 /1127 285 SOO 56() (,-t9 .10(, .1X7 174 598 31X3 
1.1 10.12 2l)() SOl 5(,.1 65.1 154 3011 169 675 48,0 10 I (>4 
- --
"here MAR is the Mean Annual Runoffin million cubic metres. QI' is the 1.5 year return period on the annual series. Q", is the 2.44 year return 
period on the annual series. Q~", is the 0.9 year return period on the partial series. Qr'" is the 2.0 ,"ear return period on the partial series and 
estimated Q. is estimated bankfull discharge. 
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Table 9.6: lJischllrges lind rell/rn periods/or morphologiclIl/eatures/or the Mkomlll,i River. Average values are displayed. 
Site I 2 1 3 I ~ I 5 I (, 17 I 8 1 9 1 10 111 112 1 13 I Mcnn 
bench 67 84. 52 49 11 5 81l 94 1117 247 
FFC IU 5.9 U 1.2 1.2 1. 1 1. 5 2.7 
PDS 8 2.9 1l.2 () . I 01 0.1 0. 1 0. 1 0.2 U 
E!itimaled 120 268 482 245 1(1 5 2./') .147 .116 117 261l 268 174 1(,8 
Qb 
FFC >.W >.19 10 7.2 14 2.1 .14 2.7 1.1 1.5 1.5 U 1.2 8.i, 
PDS >,19 >.19 6 4.f) 0.2 0.5 1. 5 0 .9 0.1 0.2 0.2 n.9 0.1 7. 1 
terrace I 245 (,1)2 11.17 457 5.17 gt)t) 1481 1546 14 57 111.1 855 598 675 
FFC >.19 >.19 >.W 9.5 21.9 >.19 >.W >Jl} >J t) >Jl) > Jt) 2.9 5 >.19 
PDS >.19 >.W >.19 6.5 19.4 >.19 >.N >39 > Jl) > .19 >Jl) U .1 .6 >J9 
terrace 2 80.1 1028 1527 906 1./78 2216 2722 ~726 .12.1'l .118.1 4850 
HC > .19 >.19 > Jl) >.W >.19 >39 >.19 >)9 >.,9 >J9 >J9 >.W 
PDS >,19 >.11) >.19 >.19 >-'9 >W >J9 >Jt) > :\1) >Jl) >Jl) >,\9 
terrace 3 .192 1 lUI (>4 
FFC >Jt) >.19 >.19 
PDS >Jl) >Jl) > .\l) 
Values tor bench. estimated Q,. terrace I. 2 and 3 arc in nr's·l. FFC' refers to the average annual retum period on the annual series (years). 
PDS refers to the average return period for the partial duration series (years) . 
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Table 9. 7: R-squared values for the relationship.~ between variou.~ parameters for the Mkomazi 
River (* repre.~ent.~ statistical sign!ficance at the 95% level). 
R' Q. DO J)J) J)O Q. Q. Q. Q,-< Q t. .. Q,.., Q,u RI T1 
(Y ) (A" ) (EH) (V) (A" ) (Ell) 
Q. 
J)O II I'll> 
(Y) 
OJ) II nfIT 11., 9 
(A" ) 
nn fl I ~) o.rUla !I·e 
(EH) 
Q. I) i"I~ 0.72 • 
(V) 
Q. III.',: 0.77 · fl ."" 
(A" ) 
Q. () 17 OJUI- II;:':: 11 ,\11 . 
(Ell) 
Q,.~ '"111o.l 0.79* 1'1 , ~-' 0.11!- II';' .. II 5' 0.11 * 
Qu. fill:' n.lU* II ,W fU12· u.',.. 0"'" 0.7 '" 
Q,..." III'; 0.11"'" n .l \ n.R::!" fl .<;7 ,, <.> o.n" 
Q,I .• (11 ..... 0.11-1 · (l J-I n.lU" (I <;7 n'\.J o.n" 
HI 0.7J" Ill " II _~ 1 fUn" II 3" IJ L:: IJ~ flq (I ('7 1'':'<; 
TI 11111 .-1117 11111 on: '-' ;:11 of'l II],... on 11111 IIIi'I . 
wn ... r~ 
Q. I~ Iho: I'sllmlllt"d ~nkful1lh!\Chl\T};t 
nn (y", IS Inc unmlnilnl dl_~.hll'F"· uSing 11'1.' YllnE:! <,quill Inn 
no (AW) IS Ih,' dnmln llnl dl~h.1Tg ... USing Ih(' Acker,; & \\1111<' .:-qU.1llnn 
nn (F.H) I.'" the dnmnmnl JI!<Chllr~ .. U.<;lnf Ih.,. Engt'lund.'{ Hans ... n l'qtJalum 
Q (Y) I .~ 11'1 ... ell~r. ·,· dl:<oChilr£ .. • u.~ l ns Ih .. • Yllng o!'qu~llnn 
Q. (AW) 11< lho.- dli.-ct l\"(' dl:<oChil~ U!ilng Iht' Ad;:ers &. \\'111~ ~qUill1.,n 
Q (EH ) I~ Ih~ ~nt-cI1\"~ d'~iI~"'" u~,"~ Ih~ F.ngrlund &. Hl1n~cn .. quat Inn 
Q, I "~ th ... I :' W-'lT T~'"lurn [...:n,)fj n,m nn In .. AAnu~ 1 ~n~~ 
Q,".. I~ In ... ~.J...< WilT r .. lum [...:n,)fj n,,\\ nn In~' I1nn\Jill ..... n~~ 
Q. I ~ In,. II Q\"('iIT r .. \Urn f'<"n,xI ,m lh ... f'llInl~1 \iUT~tl"n i"<"n .. ~ 
Q," IS tn .. :: II \ "':I\r r ... turn jX'1"1<-,J rm In..' f'Ilr1I~1 dur~II"n "~ .. n .. ,~ 
R 1 IS Ih .. hencn 
TI I~ In .. lnw h;:TTilce 
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The flow data as generated by the hydrological modelling indicates that many of the terraces are not 
inundated by the present flow regime (Table 96) . One of the limitations of the hydrological modelling 
as carried out on the Mkomazi is that the upper end of the flow duration curve, especially the extreme 
events, is poorly represented. In Chapter 6, a table is provided of the known floods for the Mkomazi 
River, together with the closest monitoring site for this research (Table 6.4). In the middle parts of 
the catchment (catchment area 1744 km' ) for the period of record 1931 to 1990, four large floods 
have been identified . The site at which these floods were estimated is close to sites 5 and 6 (Table 
96). Two terraces were identified at sites 5 and 6. At Site 5, the low terrace has an estimated 
inundation flow of 53 7 m's" , while the second terrace has an inundation flow of 1478 m's·' . At Site 
6, the low terrace is inundated at 899 m's" , while the second terrace is inundated at 2216 m' s·' . The 
largest flood on record close to this site is 2770 m' s" in 1987. A flood of a similar magnitude (20 I 0 
m's·' ) occurred in 1975. These floods were sufficient to inundate these terraces. Van Bladeren (1992) 
has estimated the return period of these floods as being 50 to 100 years and 20 to 50 years 
respectively. 
Using the hydraulics and cross-sectional data, it is clear that these floods achieve high velocities, shear 
stresses and stream power, and are capable of moving the coarsest bed material. At Site 5, the largest 
flood of2770 m's" produced an estimated average velocity ofc. 7 ms", and a unit stream power of 
1019 Wm·'. It is possible that the terraces are features that have formed as a result of the bi-polar type 
flood frequency curve. Floods of this magnitude appear to have return periods of between 50 and 100 
years, but are probably highly significant in terms of maintaining the channel form . (Whether or not 
these terraces are related to a different climate remains untested , and is beyond the scope of this 
research) . At Site 6 the largest flood on record produces an estimated average velocity of c. 6 m' s" 
and a unit stream power of around 1175 Wm·'. This discharge also has the capacity to transport the 
coarsest bed material (cf. Williams, 1983). At sites 9 and 10, similar results were obtained (see 
Appendix G, Tables 21 to 24) 
The best flood record of extreme floods available for the Mkomazi is close to the mouth. This is in 
close proximity to Site 12 and Site 13 (Table 96) Site 12 has two terraces, the upper terrace has an 
estimated inundation flow of 3183 m's", while Site 13 has two terraces, one at 4850 m's" and a 
second, higher terrace with an estimated inundation flow of 10 164 m's·'. Table 6.4 shows the 
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historical flood record for a site just downstream of Site 13 . The largest flood on record was 
estimated as 7250 m's" in 1856, with a similar sized flood in 1987 of6830 m\·'. There are a number 
of smaller floods on record, the smallest of which was 2880 m's" in 1976. During the period of record 
(1856 to 1990), there have been at least seven floods which have inundated the lower terraces at both 
sites. A simple calculation suggests that this inundation occurs approximately every 20 years. These 
flows produce high shear stresses and stream power, and are the only flows that are capable of 
transporting the coarsest bed material. This will be discussed in greater detail in Section 9.3.3. 
9.3.2 Research questioll 2: What is the domillallt discharf'c:) 
The dominant discharge was calculated from the transport equations using the Marlette & Walker 
(1968) equation. The dominant discharge reflects the discharge that transports over 50% of the bed 
material load. The results are presented in Table 9.8. The average dominant discharge increases 
downstream (Figure 92) The R-squared value calculated forthe relationship between mean dominant 
discharge and MAR is 0.65 (significant at the 95% level) 
The three transport equations used predict consistent values for dominant discharge (Table 9.8). The 
Ackers & White equation generally predicts the lowest transport rates for each site, and consequently 
predicts the highest dominant discharge. At Site 7a, the coarse bed material and high entrainment 
thresholds meant that the Ackers & White equation predicted that only the highest flow class could 
entrain any material , and consequently the calculated dominant discharge is high . At Site 7b the 
Ackers & White equation predicts that no bed material transport will occur. At Site 12. the wide 
channel results in very low stream power and consequently the dominant discharge is also high. 
There is good agreement between the dominant discharge and the hydrological regime for the Yang 
and Engelund & Hansen equation, but not for the Ackers & White equation (Table 9.7). The R-
squared value (significant at the 95% level) between the dominant discharge as estimated using the 
Yang equation and the 1.5 and 2.44 year return period on the annual series and the 0.9 year and 2.0 
year return period on the partial series is 0.79, 083, 0.84 and 0.84 respectively (Table 9.7). There 
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appears to be no relationship between the dominant discharge as estimated by the Ackers & White 
equation and the hydrological regime However, there is good agreement for the Engelund & Hansen 
equation where the R-squared values (significant at the 95% level) are 0.82, 0.82, 0.82 and 0.83 for 
the 1.5 and 2.44 year return period on the annual series. and the 0.9 year and 2.0 year return period 
on the partial series respectively (Table 9.7). This is retlected in the relationship between the three 
transport equations for the estimated dominant discharge where there is agreement between the 
dominant discharge as estimated using the Yang and Engelund & Hansen equations (R-squared of 
0.88), but no relationship between the dominant discharge estimated using the Ackers & White and 
Yang and Engelund & Hansen equations (R-squared values 01'0.39 and 0.42 respectively) (Table 9.7). 
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Figure 9.2: Melin dominant di .• c/wrge and effective c1iKhargefor the Mkomazi River. 
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Tahle 9.8: Dominant discharge and effective discharge for the Mkomazi River. Values are in 
ne's·'. Note that the values are the geometric mean for a particular.f1ow cla.u. 
Site Dominant Dominant Dominant EfTectin EfTectiyc Effective 
discharge discharge discharge discharge discharge discha~e 
(Yang) (Ackers & (Engelund & (Yang) (Acke ... & (Engclund & 
White) Hansen) White) Hansen) 
la 16.46 20. 14 I.lon .,n.3n7 311367 30.367 
Ih J 9 .30 21.22 1.1 .60 30.367 30..167 30.J()7 
Ie 1742 3440 12.27 .1D . .167 56.D I 3D.307 
2a 24.19 41.04 I R. <)6 54.19.; 124.21 54 . 19.1 
2h 24 .1.1 4 1. 95 18.50 2.1.64.1 124.21 54.19.1 
2e .11. 17 31.17 IR . .11 54 . 193 124.21 54 . 19.1 
Ja 6(, . ~4 76.84 no.51 146.(ii) 14n.fi9 14609 
."h 5ROO 02 .90 66.1 J (iR .557 146.ll9 146.69 
.k 71.5.1 84 .74 07.15 146.69 146.69 146M 
4a 5.1. 14 57.22 51.08 72.2.1 72.23 72.21 
4h 52 .07 SR.o] 54 . .14 72.23 72.2.1 72 .2.1 
511 127.19 149.96 J 32 .50 29 1.28 29 1.28 29 U8 
5h 127. 19 149.90 1.12 .50 291.28 291.28 29 U8 
611 119.89 1.16.95 119.29 1.;4 .59 2971 0 .19.27 
6h 96 .90 100.44 118 16 134.59 134.59 297. 16 
oe 11748 144 .86 117. 10 1.14 .59 297.10 297.10 
7. 6R.50 5 .. n .79 81.74 142.58 54378 142.58 
7h 125 .25 0 86. 12 142 .58 0 142.58 
8a 60.76 ol AO 02 . 15 140.58 146.58 146.58 
Rh 01.51 62 . .10 6269 140.58 146.5R 140 .58 
9. 172 .01 179.30 1.>970 186. 15 42U5 421 . .15 
9h 13D. 10 17024 1.19.04 1 R6.15 180. 15 421.35 
lOa 155.73 226 .02 15900 4.19.51 43 9.5 1 194 . .1 9 
10h 142.48 2114 .96 155 . .14 194 39 439.5 1 4.1951 
II 2 17.R2 280. 81 124 .6.; 451.01 45101 199. 18 
12 206.73 5D2A7 209.41 209.7 1 475.,"(:; 475 ... n 
13 146. 73 150.74 165 .74 21U4 21134 477.94 
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Y.3.3 Research '1"eSlirJll 3: Whal is Ihe e(feclil'e discharxe) 
For the purposes of this thesi s. the etfective discharge for the Mkomazi was taken to be the geometric 
mean of the flow class that transports the most bed material (Figure 9.3). In some senses this is 
misleading. as often one flow class (23 .643 m's-') (as in Site 2a - Appendix G. Table 4) may represent 
say 36.82% of the bed material transported. while the !low class above it (54 . 193 m's-') represents 
36.86% of the bed material transported (Yang equation) . This results in a misleading representation 
of the effective discharge as the effective discharge flow class is taken as 54 . 193 m's- l when in fact . 
this transports only 0.04% more material than the flow class below it. Furthermore. it should be noted 
that what appear to be large differences in effective discharge are simply a shift into the next flow 
class (Table 98) The effective discharge is thus sensitive to class definition . 
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For all sites, the most effective discharge was the discharge that was equalled or exceeded on average 
between 5% and O. 1% of the time, i.e . the upper two flow classes but one (5 -1 % and 1-0.1 %) (Table 
9.9) . The value calculated for the effective discharge appears to be related to a combination oflocal 
conditions (channel geometry, slope, bed material calibre) and the manner in which the equations 
calculate the percentage transport . For example, in macro-reach 3, where there is high stream power 
and shear stress, flows become competent to transport bed material at lower flow classes. This results 
in the most effective discharge being predominantly in the 5-0. I % range. It also results in the upper 
three flow classes (5-1%; 1-0.1%; 001-0.0 1%) being less 'effective ', and the bed material tends to 
be transported by a wider range offlow classes. A good example of this is Site 8 (Appendix G, Tables 
19 to 20) which has a very steep, confined bed rock channel. Here, high shear stresses and stream 
power, even at lower flows, result in the upper three flow classes transporting just over 40% of the 
bed material. The flow classes lower than this thus account for 60% of the bed material transport . 
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Table 9.9: Effectil'e dischargefTow clas.~es for the Mkomazi River. 
Site Yang (flow class) Acl.:ers & White (flow class) Engclund & Hamen (flow class) 
I. 1-0.1% 1-0.1% J-O. l% 
Ih l-n.l% 1 .. 0.1% 1-0 .1% 
Ie 1-0. l o/n 1-0. 1% l -n. l % 
2. 1-0.1% 1 .. 0. 1% l -n. l % 
2h 5-1% 5- 1% I -.n. l % 
2c 1-0.1% 5-1 % j .. ().I% 
_'1 3 J-n. l % J-O. !% 1 .. 0. 1% 
3h 5-1 % J-O. I% 1-0.1% 
~c J-n.l % 1-0. 1% l -n. l% 
4. 5-1 % 5-1 % 5-1 % 
4h 5- 1% 5-1 % 5- 1% 
53 J-O. l % 1-0 .1% 1-0. 1% 
5h j .. n.l% 1 .. 0, 1% J-O. I% 
6. 5- 1% 1-0. 1% 1-0. 1% 
6h 5-1 % 5-1 % 1-0.1% 
6c 5- 1% 1-0. 1% J-O. I% 
7a 5-1 % 5- 1% 
7h 5-1% 5-1 % 
R. 5- 1% 5-1 % 5- 1% 
Rh 5-1 ~Vo 5- 1% 5- 1% 
9a 5- 1% 1-0. 1% l-Cl. l% 
9h 5- 1% 1-0.1%1 1-0 .1% 
10. 1-0.1% 1-0.1% 5- 1% 
10h 5-1 % 1-0. 1% 1-11.1% 
II 1-0.1% 1-0.1% 5-1 % 
12 5-1% J-n. l % J .. n. J% 
13 5- 1% 5-1 % 1-0.1% 
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As mentioned in Chapter 8, the Ilow classes greater than the 10% equalled or exceeded range were 
divided into 5%, 4%, 0.9% and 0.09% flow class durations respectively . The effective discharge is 
thus to some extent dependent on the division of the flow duration curve. To overcome this problem, 
cumulative sediment transport curves were constructed. These are presented in Figures 9.4 to 9.6. 
The results indicate that the bulk of the bed material transported (>80%) occurred (all three 
equations) between the 20% equalled or exceeded and O. I % equalled or exceeded range . However, 
there are two outliers, these are sites 7 and 8. The steep slope and bed rock nature of Site 8 generates 
high unit stream power and velocities, which result in a greater proportion of the bed moving at lower 
flow classes than occurs at other sites, hence the different shaped curve. Site 7 has an extremely 
coarse bed so that for Site 7b, the Ackers & White equation predicts that no bed material transport 
occurs. For Site 7a, the Ackers & White equation predicts that transport will only occur at the highest 
flow class (ie. 0. 1-0.01%) This accounts for the two outliers . 
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Figure 9.S: Cumulative sediment transportfor the Ackers & White equation for al/ .~itesfor the 
Mkomazi Rh'er. 
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The effective discharge usually accounts for around 40% of the material transported (Figure 9.3) . At 
the lower four sites (macro-reach 4) this value increases to around SO%. In effect, if the average 
calculated effective discharge for the Mkomazi River transports around 40% of the load, this means 
that a further 60% of the bed material is transported by flows other than the so-called effective 
discharge. This begs the question of how the remaining 60% is distributed around the effective 
discharge? 
Data for the Yang equation indicate that very little transport occurs before the SO% equalled or 
exceeded on the flow duration curve (Figure 94) The remaining 60% of the bed material transported 
therefore occurs between the SO% equalled or exceeded and the 5% equalled or exceeded range. Data 
for the Ackers & White equation, shows a similar relationship, although in the case of the Ackers & 
White equation, very little transport « 10%) occurs before the 20% equalled or exceeded (Figure 
9.S) . The Engelund & Hansen equation also shows a similar distribution to the Yang and Ackers & 
White equation (Figure 9.6) There are two outliers for all these equations, sites 7 and 8 where, as 
was previously mentioned, local conditions result in a greater proportion of bed material moving at 
lower flow classes. The results demonstrate that the general trend is that most bed material is 
transported by flows with an exceedence of between S% and 0.1 % and that higher and lower flows 
transport proportionally less of the bed material. 
Figure 9.7 shows the maximum competence of the highest flow class (0 1-0.01%) in relation to the 
0 ,. , Dsn and 0" of the bed material (given the predictionallimitations of the equations). The data 
indicate that at 10 of the 13 sites (1 , 2, 4, 6, 7, 8, 9, 10, 12 and 13) both the Yang and Ackers & 
White equations predict that the highest flow class does not have the competence to transport the 0" 
The Engelund & Hansen method, however computes that other than at sites 9, 10, 12 and 13 , these 
flows have the competence to transport the 0" . The Engelund & Hansen equation was developed 
for alluvial sand-bed channels, and consequently the incipient motion values calculated by this 
equation for gravel- and cobble-bed rivers should be treated with circumspection. While this argument 
is not supported by field evidence and therefore remains untested, it does provide an indication of the 
relative stability of the coarse bed. 
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This finding begs the question, what discharge is competent to mobilise the coarse bed material? It 
was pointed out earlier in Section 9.3. I that the stream power generated during high magnitude flood 
events is sufficient to transport even the coarsest material on the bed . Unit stream powers for these 
flood events are in the 1000 Wm-' range - the stream power which according to Williams (1983) will 
move boulders of 1.5 m in diameter (Appendix G, Tables I to 29) It is argued that these floods 
perform two main tasks: first, they maintain the macro-channel and second, they generate sufficient 
stream power to mobilise the entire bed, thus 'resetting' the system. It may therefore be useful to 
begin to think in terms of two sets of effective discharge. For the majority of the time there are a set 
of discharges contained within the active channel banks (i .e below the bankfull stage). These effective 
discharges (5-0. I % on the flow duration curve which occur on average 18 to 0.4 days a year) appear 
to account for the bulk of the bed material transported over a long period of time. It is likely that the 
' bench-full ' discharge and the bankfull discharge are the features related to these flows. A second 
category of high magnitude low frequency effective discharges termed ' reset discharges' are also 
significant as they ' reset ' the system. The terraces in the macro-channel are probably related to these 
larger flood events which appear to occur on average once every 20 years or so . It is likely that the 
nested channel architecture is a response to these two categories of effective discharge. 
These results compare well with results from other countries. Pickup & Warner (1976) for example 
working on the Cumberland basin in New South Wales, Australia, found that the effective discharge 
occurred on average between I . I 5 years and 1.45 years on the annual series, while the estimated 
bankfull discharge stage had a return period between 4 to 7 years. Andrews (1980) has shown that 
for the Yampa River basin in the United States, the average effective discharge occurred between 1.5 
and 11 days per year. Pitlick & Van Steeter (1998) , also working in the United States on the upper 
Colorado River, found that the effective discharge was equalled or exceeded for 2% of the time, or 
approximately 7 days a year. The effective discharge transported approximately 30% of the annual 
load, while 80% of the total load was transported by the highest 10% of the flows . Similar results 
have been reported by Ashmore & Day (1988) and Nash (1994) 
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9.3 . ./ Research qllestion ./: Is there any relatiollShip hetween estimated hankfllll discharge. 
dominallf discharge and effective discharge 1 
There appears to be no agreement between the bankfull discharge and the dominant and effective 
discharge (Table 9.5) . These findings were further checked by regressing the average estimated 
bankfull discharge and the average dominant and effective discharge. R-squared values of 0.0 I and 
0. 10 respectively were computed . However, there is coarse agreement between the average ' bench-
full discharge' and the average dominant and effective discharge (Figure 9.8). Statistically, however, 
there is no relationship between the bench-full discharge and the dominant and effective discharge for 
the Ackers & White and Engelund & Hansen equations (Table 9 .7). but there is for the Yang equation 
(R-squared ofO. 73 and 0.82 for the dominant discharge and effective discharge respectively) . If the 
average ' bench-ful\' discharge is regressed against the average dominant discharge, an R-squared 
value of 0.58 is calculated. This is insignificant at the 95% level. Similarly, if the average ' bench-ful\' 
discharge is regressed against the average effective discharge an R-squared value of 0.54 is computed, 
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this is also insignificant at the 95% level. Despite this statistical insignificance, Figure 9.8 
demonstrates that there is coarse agreement between mean ' bench-full discharge' , dominant discharge 
and effective discharge. 
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9. 4 Synth(!.~is 
The results have been discussed in terms of the research questions set out at the beginning of the 
chapter. It has been argued that there is no significant downstream trend in estimated bankfull 
discharge It was pointed out earlier that there are three possible explanations for this trend (see 
Section 9.3 . I) . It is argued that the strong bed rock control and variable hydrological regime suggests 
that it may be inappropriate to adopt the bankfull stage (defined as the boundary between the active 
channel and the macro-channel) as the effective discharge . It is likely that the morphology of the 
channel is related more to the resistance of the channel perimeter to erosion than to the shaping fluid . 
No relationship exists between the estimated bankfull discharge and the hydrological regime However 
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there does appear to be good agreement between the bench and the 0.9 and 2.0 year return period 
on the partial duration series. 
The effective discharge as calculated by the three transport equations shows good internal 
consistency. The effective discharge is in the 5-0.1 % range on the I-day daily flow duration curve. 
It was also noted that the upper two but one flow classes account for the bulk (>80%) of the bed 
material transported in the Mkomazi . Although transport rates are high at the highest flow class (0. 1-
0.01%) this is more than offset by the limited duration, and consequently this flow class was never 
the effective discharge for any of the sites. It has also been demonstrated that the effective discharges 
do not have the energy to transport the entire bed . It is the larger floods, with average return periods 
of approximately 20 years that generate sufficient stream power and shear stress to mobilise the entire 
bed. It is argued that for the Mkomazi, it may be instructive to consider a range of effective 
discharges, first , the effective discharges that transport the most bed material over a long period of 
time and second, a ' reset discharge' that is able to mobilise the entire bed, thus serving as a channel 
forming discharge. These two sets of discharges are, in fact , the geomorphologically effective 
discharges for the Mkomazi River. 
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9.5 Sediment-maintenance flushing flows 
This section of the chapter deals with the results obtained from the sediment-maintenance flushing 
flow computations. Milhous ' approach for bed load and the P index were applied to the thirteen sites 
of the Mkomazi River The results are provided in Appendix H at the back of the thesis. Table 9.10 
presents a summary of the results. The table was constructed so that the p value and the dm"hl and 
dm",o were compared to the equivalent result obtained for the three transport equations. For example, 
at Site I a, the P index was calculated for the flow class 0.246 m's·1 as being 0.0513 (Appendix H, 
Table I). This is more than sufficient to flush sands as a 'surface flush ' and a 'depth flush' . (The ~ 
index predicts surface flushing for sands where ~ is equal to 0.021 and depth flushing for sand where 
~ is equal to 0.035). This was compared to the equivalent initiation of motion for the sand-sized class 
predicted by the three transport equations. For Site la, Yang predicts sand motion at 3.991m-'s·', 
Ackers & White at 13.467 m's" and Engelund & Hansen at 0.355 m's" (Appendix G, Table I) . Thus 
the table (Table 9 .1 0) is constructed in such a way as to compare the initiation of motion of the sand-
sized material for the three transport equations to the 'surface' and ' depth ' flushing as predicted by 
the P index. Where ~ predicts surface and depth flushing at lower flow classes than the equivalent for 
the transport equations, the letter 'L' (lower) is shown. Where ~ predicts surface and depth flushing 
at higher flow classes than the equivalent for the transport equations, the letter ' H' (higher) is shown. 
It can be seen that at all sites (Table 9.10), other than sites lOb and II, the Milhous ~ value predicts 
, surface flushing' and' depth flushing ' at discharges lower than the equivalent Yang equation for sand. 
Similarly, the ~ value predicts surface and depth flushing at discharges (other than at Site lOb) well 
below the equivalent values predicted by the Ackers & White equation The same general conclusion 
applies to the p value when compared to the equivalent Engelund & Hansen equation . In this case 
the ~ value predicts surface and depth flushing at higher flows than the equivalent value for the 
Engelund & Hansen equation at a number of sites (6a, 6b, 7a, 7b, 9a, 9b, lOb, II and 13) 
Table 9. 10 also shows the relationship between the maximum competence predicted from the Milhous 
equations (~"hl and dm"SI') and the maximum competence calculated for the Yang, Ackers & White 
and Engelund & Hansen equations. The same approach was adopted for the ~ index. The letter 'L' 
is shown where the dma,hl and dm"," predict lower maximum competence than the equivalent for the 
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transport equations. 'H' is shown where the ci",,,h1 and dm"sl1 predict higher maximum competence than 
the equivalent for the transport equations. It can be seen that for sites I to 5, 7, 10 and 12 the dm.,hl 
predicts considerably higher competence than the Yang and Ackers & White equation. However, at 
sites 6, 8,9, II and 13, the Milhous equations predict lower competence maxima than the Yang and 
Ackers & White equations. The Engelund & Hansen equation on the other hand predicts higher 
competence than the Milhous equations at sites 2a, 2b, 2c, 4a, 4b, 6a, 6b, 6c, 7a, 7b, 8a, 8b, 9a, 9b, 
II and 12 and lower competence at sites la, Ib, Ic, 3a, 3b, 3c, Sa, 5b, lOa, lOb and 12. 
The comparison of the competence of the dm"sl1 and the maximum competence calculated from the 
three transport equations (Table 9.10) indicate that the dm"s" predicts both higher and lower 
competence values, even at one site. At Site I, for example (Table 9.10), dm"s" predicts higher 
competence at cross-sections a and c and lower competence at cross-section b for the Yang equation. 
This trend is reflected at all of the sites for the dm" s" for all the equations. There appears to be no 
consistency in the results obtained. This highlights one of the problems in determining sediment-
maintenance flushing flows from equations that were developed for one river (Oak Creek in this case) 
and extrapolating them to other rivers. It is impossible to test which of the results are more accurate, 
as there is no actual bed material transport data for the Mkomazi against which to test these results. 
It is argued therefore that Milhous equations should be used with extreme caution. 
Chapter 9: Res1I1!s and disc1Ission - rhe M/(()mazi River Page 200 
Tahle 9.10: Compari.mn o.f the Milhou.~ approach to the tran.~port equation.~ approach for tlte 
MkomalJ River. 
Sit .. 
" 
Ih 
k 
2, 
2h 
2, 
Ja 
Jh 
:k 
4 .. 
4h 
5, 
5h 
6, 
6h 
6..: 
7, 
7h 
R, 
Rh 
9, 
9h 
lOa 
lOh 
I I 
12 
1.1 
P 
d __ 
d_!'<I 
'Y I 'AW I 'EH 'Y I 'AW I 'EH 'Y I lAW I 'FJt 
I. I- L H H H H H I. 
I. I. L H H H I. I. I. 
I. L I. II H H H L H 
I. I. I. H H I. I. L I. 
I. I. I. H H I. L I. I. 
L L L H H I. H I. I. 
!. I. I. H H H H H !. 
I . I. L H H H I. I. L 
L I. L H H H H H I. 
I. I. I- H H I. I. L I. 
I. I. I. H II I. I. L L 
I. L I. H II H H H H 
I. L I. H II H H H H 
I. I. H I. L t. H H Ii 
1.. I. H L I. I. I. I. I. 
L I. I. L L L l. L I. 
I. I. H H H 1. 1. H 1. 
t. t. H H H I. I. H I. 
L I. L I. I. I . I. I. I. 
L L L L t. L L l. L 
I. I. H I. I. I. I. L I. , 
L I. Ii L L I. I. I. I. 
L I. I. H H H I. II I. 
I 
H II H H H 
, 
H l. 1.. I. 
II I. H I. L L L l. l. 
I. I. L H H H II H H 
I. L II I. I. I. I. I. I. 
L = ~ predict~ ~urt:1Ct! tlushi llg and depth Ilushing 01\ lower !lows than the equivaknt lor the transport equations, where 
Y is Yang. AW is Ackers & White and EH is Engelund & Hansen equ,atJOlls . 
H = P predicts surface flushing and depth tlushing at higher nows than the equi\'ale"nt for the transport equations. 
2 L = d mad.1 and d "'a~\o l predict lower maximulll compt:tel1Ct! than thl:! equivalent for the transport equations. 
H = d mll"l1 and d "'a''''' predict higher maximum cOI1lpt!tence than the t..'l1uivah:nt for the transport t..'quations. 
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Figure 9.9 shows the RBS values obtained for the Mkomazi River. The y-axis of the graph is the 
critical percentile on the I-day daily tlow duration curve where the 0" and 0" become mobile so that 
the bed can be considered to be unstable for that bed material size class (RBS) Similafly, the y-axis 
represents the critical percentage time equalled or exceeded on the I-day daily flow duration curve 
where 'surface' (0021 Milhous) and 'depth' (0 .035 Milhous) flushing occurs . As can be seen, sites 
I to 5 of the Mkomazi are computed as becoming unstable at low flow classes, ranging from the 10" 
to 50'h percentile with an average of around the 30'h percentile . However, sites 6 to 13 show a 
different value. The RBS estimate is that the bed will become unstable at much higher flow classes, 
ranging from the 20'h to the 99.99'h percentile with an average of around the 85'h percentile. These 
values are in excess of the p values calculated for Milhous. It is difficult to assess the accuracy of the 
RBS value without data against which to compare it. This again, stresses the need for caution in using 
methods that have not been thoroughly tested on a wide range of rivers, or have not been developed 
using a broad, comprehensive data set. 
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9.5.1 Effective dischargefor salld, gravel alld coMle 
Using the method in outlined in Section 9.3 .3 ., the effective discharge for sand, gravel and cobbles 
was calculated utilising the Yang equation, as this equation appeared to produce the most realistic 
results for the Mkomazi river. Figure 9.10 presents the summary data . It can been seen from this 
figure that although some variation exists, the effective discharge for the sand fraction generates a 
lower percentage of bed material transport than for the gravel- and cobble-fraction. This suggests that 
sand is being transported at a wider range of flow classes than gravel and cobble. This, however, is 
to be expected. 
Table 9.11 displays the effective discharge flow classes for the sand, gravel and cobble fractions of 
the bed for the Yang equation. It can be seen that the effective discharge for the sand-sized fraction 
is mainly in the 5-1% class (18 out of27 cross-sections), with the rest (9 out of27 cross-sections) 
in the 1-0.1 % flow class. The effective discharge for the gravel fraction is mainly in the 1-0.1 % flow 
class (13 out of27 cross-sections), followed by the 5-1 % flow class (12 out of27 cross-sections) and 
the 0 1-0.0 I % flow class (2 out of27 cross-sections) For the cobble fraction , the effective discharge 
is mainly the 0.1-0 01% flow class (5 out of 8 cross-sections) followed by the 1-0.1 % flow class (3 
out of8 cross-sections). As mentioned earlier, this demonstrates that a greater proportion of the sand-
fraction of the bed is transported at low discharges than the gravel- and cobble-fraction of the bed. 
It is suggested that using this method may provide a more realistic estimate of the sediment-
maintenance flushing flow requirement for the different grain-sized fractions , as the duration 
dimension is also incorporated. 
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Table 9. 11,' Effective discharge flow classes/or the Mkomazi Rh'er for .mnd, gravel and cobble 
for the Yang equation. 
Site Sand (flow class) 
I. 1-0 . 1% 
Ih l-fl . l % 
Ie 1-0.1% 
2a 5- \% 
2h 5-1% 
2c J-O, l% 
3a 1-0. 1% 
~h 5-1% 
.k 1-0.1% 
4a 5-1% 
4h 5-1% 
5. 1-0. 1% 
5h ) .. 0 . 1% 
6. 5-1 % 
6h 5-1% 
6c 5-1% 
7. 5-1% 
7h 5-1% 
Sa 5-1% 
8h 5- 1% 
9a 5- 1% 
<)h 5- 1% 
lOa 5-1% 
IOh 5-1% 
I I 1-0 . 1% 
12 5- 1% 
'3 5-1% 
Gravel (flo,,' class) 
1-0 .1% 
1-0.1% 
n. l-n.Ol% 
1-0 . 1% 
1-0 . 1% 
1-0.1% 
l-n. l % 
1-0 , 1% 
1-0. 1% 
5-1% 
5-1°/0 
5-1 % 
1-0. 1% 
1-0 .1% 
5-1% 
5-1% 
5- 11"/n 
1-0. 1% 
5-1% 
5- 1% 
5-1% 
5-1 % 
5-1 % 
1-0. 1% 
I-n, J% 
n.l -o.nJ% 
5-1% 
Cohhle (flow cia,,) 
O.I-{l .OI% 
O.l"{l.O I % 
1l.1-{1.O1% 
1-0 . 1% 
1-0 . 1% 
O.I-{l.O I% 
O.I-O.OJ% 
\ -0. 1% 
Chapter 9 : RC.\'1d,s and discussion - (he Mkomazi River Page 204 
Mkomazi river 
% transport by the effective discharge 
100 
"0 
" 1:: 0 
g- 80 
c 
'" 
'" ~ 60 
" 1ij 
E 
~ 40 
~ 
" 
'" E 20 
" ie
" n. 0 
2 3 4 5 6 7 8 9 10 11 12 13 
Site number 
• sand • gravel • cobble 
Figure 9. J 0: The effective di.Kharge for .~antl, gravel and cohble using the Yang equation for 
the Mkomazi River. 
9.6 Summary 
The results from the sediment-maintenance flushing flow analysis indicate that the Milhous approach 
tends to predict incipient motion for sand at discharges well below the values predicted by the Yang 
and Ackers & White transport models. However. the values are similar to the levels predicted by the 
Engelund & Hansen model. This is probably because both the Engelund & Hansen m~del and the 
Milhous approach are based on a simple exponential stream power approach. The RBS method needs 
to be used with a degree of circumspection. as the approach is based on critical shear stress which has 
been shown to be inappropriate for coarse-bedded material (Yang. 1972). It is argued that both the 
Milhous and RBS methods should be used with caution. The methods were either developed from 
one data set (Oak Creek for Milhous) or are an amalgamation of existing equations (RBS approach) . 
It is argued that using the etfective discharge for different grain-sized classes may be a more 
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appropriate way in which to define sediment-maintenance flushing flows . Although these models are 
imperfect, they are based on a broader data set, and can be chosen to satisfy the physical conditions 
of the channel. 
9. 7 Conclusion" 
The results suggest that the Mkomazi River does not conform to conventional wisdom developed for 
temperate alluvial rivers. It appears that the Mkomazi is strongly controlled by local conditions such 
as bed rock, a variable hydrological regime and a coarse heterogenous bed, There does not appear 
to be any relationship between the estimated bankfull discharge and the hydrological regime , 
However, there does appear to be some agreement between the 0.9 and 2,0 year return period on the 
partial duration series and the 'bench-full discharge '. 
It has been argued that it is instructive to consider the magnitude-frequency debate in the Mkomazi 
River in terms of two sets of ' effective discharges ' , First, an effective discharge that transports the 
most bed material over a long period of time - this has been shown to be in the 5-0.1 % range on the 
I-day daily flow duration curve, and second, a ' reset discharge' - a flood event with a return period 
in the range of 20 years that has the energy to mobilise the entire bed and therefore to maintain the 
channel. 
It is suggested that the channel architecture of the Mkomazi is a response to these two sets of 
effective discharges. The active channel is controlled by the lower set of effective discharges, while 
the macro-channel and overall channel form is a response to the ' reset' discharge , It is argued that 
these two sets of effective discharges do not operate independently of each other, rather the effective 
discharge sets the template for the effectiveness of the ' reset' discharge. 
10. 1 Introduction 
Chapter 10: Results and Discussion -
the Mhlathuze and Olifants Rivers 
This chapter will present the methods and results obtained for the bed material transport analysis and 
the sediment-maintenance flushing flow computations for the Mhlathuze and Olifants Rivers. Given 
the fact that these two rivers are both highly regulated and therefore disturbed, it is unlikely that any 
meaningful relationships can be developed between channel form, flow rrequency and bed material 
transport. For this reason. the discussion will focus on answering a number of questions. These are: 
I. Do the results ohtainedfrom the two re{(ulated systems add to the understanding {(ained 
from the Mkomazi River .? 
2. What is the impact of(1ow regulation 0/1 the relationships ? A re the ohserved morpholo{(ical 
conditions related to virgm(1ow conditions or to the rept1ated prese/ll-day conditions! 
3. What lessons can he leamtfor Instream Flow Requirement (TFR) assessments? 
-I. Given the results ohtained. whatflows should he recommended and why? 
In the context of these broad research questions, the chapter is divided into two sections. the first 
section considers the Mhlathuze River and the second section considers the Olifants River. The values 
calculated for the bed material transport analysis are available in Appendix F. Summary tables of all 
the results are presented in Appendix G. Summary tables for the sediment-maintenance flush ing flows 
are available in Appendix H . 
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10.2 The Mhlathuze Ril'er 
10.2.1 Overview 
An overview of the Mhlathuze catchment has been presented in Chapter 5. A short summary is 
provided here . The Mhlathuze River drains an area of approximately 4209 km' in northern KwaZulu-
Natal. Four sites were chosen for analysis for the Mhlathuze. all downstream of the Goedertrouw 
Dam. Site 1 is approximately 25 kilometres downstream of the Dam. while Site 2 is a further 35 
kilometres downstream of Site 1. Between Site 1 and Site 2 a major tributary. the Mfule. joins the 
Mhlathuze. Site 2 is 35 kilometres downstream of Site 3. Site 4 (an artificial channel) is a further 15 
kilometres downstream of Site 3. Between Site 3 and Site 4 a major tributary. the Nseleni joins the 
Mhlathuze. The lower three sites (i .e sites 2. 3 and 4) are all single thread sand-bed regime channels. 
while Site I is a pool-riffle channel type with multiple distributaries. 
The Mhlathuze is impounded by the Goedertrouw Dam which was completed in 1979. This has had 
a significant impact on the downstream hydrology of the river (Table 10.1). The MAR at Site I has 
been reduced trom 185x 106m'" virgin flow to the present-day scenario of64x I 06m-J. This represents 
only 34 .8% of the virgin MAR at Site 1. Flow recovers downstream as tributary inputs mitigate the 
impact of the dam . At Site 4. for example. the virgin MAR was 362xl06m'" while the present day 
MAR is 217x 1 O' m··'. this represents 60.9% of the virgin MAR. It can also be seen trom Table 10.1 
that under virgin flow conditions. the ratio of increase of MAR between the sites was considerably 
less than it is for the present-day. The virgin MAR nearly doubled between Site 1 and Site 4 (196). 
while for the present-day. the rate of increase is by a factor ofJ .39. This has significant implications 
for the channel morphology and bed material transport and will be discussed in greater detail later in 
the chapter. 
As mentioned previously. characteristic of the Mhlathuze catchment and northern KwaZulu-Natal 
generally. is the passage of tropical cyclones and cut-off low pressure systems through the region. 
Table 6.5 in Chapter 6 displays the highest flood peaks on record for the Mhlathuze River. The values 
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calculated for the 1984 and 1987 floods (below Goedertrouw Dam) are 2420 m-' s" and 3590 m-'s" 
respectively. Van Bladeren (1992) estimated that were it not for the Goedertrouw Dam, these floods 
would have been 4790 m-'s" and 6000 m-' s" respectively. The Goedertrouw has therefore not only 
reduced the MAR downstream, but it has also attenuated the flood peaks. 
Table 10.1.' MARforfour site.~ for the Mhlathuze River (million cubic metres). 
Site number Virgin MAR Increase ntio Present·day Increase ratio % of Virgin 
MAR MAR 
I 185 f>4 .14.8 
2 255 1..18 127 1. 98 49.8 
, ~ D 1.60 17(, 2.75 56.2 
4 162 1.9(, 2 17 3.19 00.9 
-
The methods that were used to obtain the daily flow time series for the virgin and present-day data 
for the Mhlathuze were presented in Chapters 6 and 8. Tables 10.2 and 10.3 present the flow classes 
calculated for the Mhlathuze River for the virgin and present-day data. 
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Table 10.2: Flow c1a.~se.~ calculatedfor the Mhlathuze River for the virgin data. Values are in 
nrfs-I. 
0/. timt Q Gt-omE'triC' Q Cri'1lmt'tr;c Q (ri-omrtri(' Q Gfi)mrtric llK'~n 
t"quallt>d or mean no,.. mt'an now mf'an nm'" 110w da.o;~ 
tx('('t1h'd da!!l' cia!'!' cla~l'i 
SUe t Sitf' 2 Sitt' 3 Sitt' ... 
99 .99 0 0 0 0 
90 0 .. 171 0 O.4S!l 
" 
O.7J fi 0 1. 190 0 
RO 0 .690 O,l06 OJUG 0.656 1.212 n.9:n 1.91 7 1.510 
70 UJ61 (U~56 1.40 I 1. 112 1 . R~ .1 1.491 2.700 2.275 
(,() 1.543 1.2RO 2. 115 1.721 2.6(,6 2.211 :t6R4 3. 154 
50 1.070 1.7Fo7 2,RR2 2.469 :un 3.095 4.790 4 .201 
40 2 ,7R I 2 .. 199 3.R76 ,1 .. 142 4.70R 4. 112 6.02R 5 .. 17:\ 
10 :UJ7 .1 ,2lR 5.273 4.52 1 6.2;'i0 5.424 7.7 15 6.R20 
20 5.575 4.61:\ 7.657 6.154 K950 7.479 10 ,7lR 9 .1 If) 
Ifl IO .. H ) 7.604 14.067 lO .. 17R \6 .729 , 2.2.16 I R.MS 14.170 
l 17354- 1J .4J 6 22 ,79l 17.907 27 . .'\ 11 2 1..n~ 29 .9D 2:\.651 
I 5 1.602 29.94 2 64.(14(1 31C1RR R6 ,701 4R.661 93 .994 53 .0n 
0 ,1 40R.492 145.270 594.222 195.995 tJ9:'i . 125 245.495 737.0:0 263 .205 
0.0 1 2472 .70 102(UO .1466.99 1435.327 4337 .5:'i 1736,41 6 4642.44 I R49.7/l 
Cha£ter 10: Resulls and discussion - Ihe Mhlalhllze ond Oli/anls Rivers Pall.e 210 
Table 10.3,' Flow c/a.~se.~ calculated for the Mhlathuze Riverfor the present-day dat(L Values are 
in mJs·'. 
°/0 tim€' Q C..t'omf'tric Q Gwmf'tri(' Q Gf'omptri(' Q Cri"Qmt'tri(' mnn 
l'quallf'd or ml'an flO1\' rnt'an flo",' m€'an 001'1' nOft' class 
('X('('t'dt"d cia!'" da!'l.'1 ciall." 
Sift' t Sift' 2 SUr 3 Sitt' ... 
99 ,99 0 0 0 0 
90 0.279 0 0 . .106 0 0.169 0 0.5.17 0 
~O (U46 0 .. "1 11 OA07 0 .. 1;:\ ().49~ 0.429 O.RO.l 0.657 
70 O.40 ~ 0 . .174 (UM 0 .455 0 .640 0.565 1.17R 0 .971 
fiO 0,477 0.440 0.720 0 .605 0.914 0.771 1.644 u n 
50 0 .556 n.51; 0.%0 OX\! 1. 26R 1.0RR 2.126 l.R70 
40 0.641 0.597 1.294 1.115 I. 71 iii 1.47() 2.750 2.41R 
10 0 ,756 0.696 1.772 1.514 2.150 2.009 :URO 1. 11R 
20 0.927 0 .8.17 2.57:\ 2.115 .1.424 2.107 4.954 4.211 
10 1.591 1. 21 5 4.R2 1 ,1.522 6.9Ill 4.RR.l 9.055 6,69R 
; 4 .2 14 2.59\ 9.521 6.775 15.;\25 I D.DO 17.971 12.757 
1 2.1 ,950 10.046 42.711 20.1Mj ()1.555 .1 0 .714 6K765 .l 5.156 
0.1 200.Kl2 69.354 43R. 769 Ufi.R95 55 2.ROR 1 R4A67 596. 202 202.479 
0.01 176.1.52 595.1D 2729.0R 1094.27 .159R.61l 1410.45 3929.17 15 ~O . 55 
10.2. 2 Allalysis ()f channel morphology 
The field methods that were used to classify the morphological features for the Mkomazi River were 
applied to the Mhlathuze River. It is argued that it is likely that the channel morphology will have 
adjusted to the imposed change in flow regime. For this reason. the field classification was subject 
to further analysis. This was achieved through the following method . The inundation frequencies for 
the different morphological features were tabulated . Inundation rrequencies were then used to 
correlate features between sites. It is important to note that this was done for the terraces only. The 
adjusted discharge values were then used to explore other relationships . Tables 10.4 to 10.8 display 
these data . 
i 
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Table 10.4: Discharge data for the Mhlathuze River. Values are in m 's·!. 
Site 1 pool 1 rime 12 1 3 1 -1 Average 
Virgin MAR IRS 185 255 31.1 362 
Present-day MAR 64 64 127 176 217 
/ "i r-gill .flow 
Q" 40 40 47 RR 90 01> 
Q : ~J IllS lOS I IR loR 17R 142 
Or " ~ 1.10 l.lll 190 244 257 205 
01' :" 244 244 417 542 593 449 
Prt!!lel lt-dayJlow 
Q" 13 1.1 20 Sf! 6R 3R 
Q:l~ :'2 .U 52 lOS 142 R3 
Or' q oR oR 1.19 IRI 21 0 149 
Or .-,Q 153 153 2(}9 377 404 316 
., ImpllOlof!ical/lnws 
ht,-'nch 27 .16 77 47 
Est imated Q .. 116 64 1 t)() 149 234 152 
terrae\! [ 3.12 56R 531 13RO 
terrace 2 1001 IIlO7 170R 
DomiIlG'" di,fiClw'1!(' 
r "irgin/lnw 
Yang 39 10 lOR 1.10 52 
Ackers & White 62 IR IllS 153 100 
Engelund & HanSt"tl 47 29 246 IR) 1116 
Pn!.<:tmr-da.\ ,/low 
Yang 52 R 146 1501 104 
Ackcrs & White 70 7 1.1 7 1201 122 
Engdund & Hansen 45 2R 305 229 1.11 
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F;{fecfil'e rii.!;c/Ul1'X" 
f'irgill .f7nw 
Yang 11l21) 145 14.1 5 17)(, IR51l 
Ackers & Whitt: 11)20 145 14.15 24 5 IR50 
Eng.dund & Hansen 1021l 145 [ .. P.) 17.10 IR51l 
PreJCllr-day/lol-1 ' 
Yang 595 10 I 1194 141 1l 15.11 
Ackt:rs & W'hite 595 10 1094 184 1531 
Engelund & Hansen 595 69 I 1194 141 1l 15.11 
Table 10. S: Inundation frequencies and dischargesfor d!fferent morphologicalfeatures for the 
virgin annual series data for the Mhlathuze River. 
Site Bench Discharge Estimated Disch arge Terrace 1 Discharge Terrace 2 Discharge 
return mJs-1 Q t> return mJs·1 return mJs·1 return mJs·1 
period period period period 
I pool 1.~ 27 2.5 I I (, 
I rillle LR (,4 (, .8 .1 .12 16 1061 
2 1..1 .11i 3 .4 196 7.5 50S 12 IOIlIi 
.1 2.3 149 4.9 5.11 16 1768 
4 1.4 77 .1 2.14 1.1 1.180 
Average 1.3 2.6 6 .4 14 
. --
- - -
Table 10.6: Inundation frequencies for d!fJerent morphological features for the present-day 
annual series data for the Mhlathuze River. 
Site Bench Discharge Estimated Discharge Terrace 1 Di.~charge Terrace 2 Discharge 
return mJ s·1 Qh return mJs" return mJs·1 return mJs" 
period period period period 
I pool 2.2 27 4 . .1 I I r, 
1 rime 3.5 64 10 .;:;2 2" 1061 
i 
2 2.3 )(i 4.2 196 <) 5nR 21 1007 
, 
3 2.6 149 9.5 5) 1 30 17liR 
4 1.8 77 3.R 2.14 19 I.1RIl 
Average 2.1 3.7 9.5 24 
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Table 10.7: Inundation frequencie.~ for different morphological features for the virgin partial 
series data for the Mhlathuze River. 
Site Bench Discharge Estimated Discharge Terrace 1 Discharge Terrace 2 Discharge 
return mJ!ij-' Qh return mJs" return mJ . . "' return mJs" 
period period period period 
1 pool 0 .1 27 O.R I II; 
I rime 0.4 64 2/i .'12 11 11161 
2 0.1 ,0 0 .9 190 2.0 56R 7.5 1007 
, 0 .6 149 1.9 53 J 11 176R 
4 n.:; 77 O.R 2:14 0.7 1.180 
A\'erage 0.2 0.7 2.4 9. 1 
Table 10.8: Inundation frequencies for different morphological features for the present-day 
partial series data for the Mhlathuze River. 
Site Bench Discharge Estimated Discharge Terrace 1 Discharge Terrace 2 Discharge 
return mJs" Q" return mJs" return mJs" return mJ s·1 
period period period period 
1 pool 113 27 1.5 110 
1 rime n. I) 64 7.5 , .12 17 1061 
2 n." 36 1.2 196 ~ . 9 56R 15 1007 
3 O.R 149 2.0 "1 10 170R 
4 0.4 77 1 2,4 15 1,80 
Average n . .' 1.1 5 16 
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10.2.2.1 Virgin conditions 
Given the fact that there were only four sites selected for analysis for the Mhlathuze River, no 
statistical analyses (R-squared values) could be reliably applied to the data. The data is thus discussed 
in relation to general trends displayed . 
The estimated bankfull discharges for four sites on the Mhlathuze, range trom 64 m's" (Site 1) to 234 
m-'s- ' (Site 4) (Table 10.4). The flood trequency analysis indicates that the bankfull stage ranges from 
a 1.8 year to a 3.4 year return period on the annual series, with an average of2.6 years (Table 10.5) 
The partial series ranges from 0.4 years to 0.9 years with an average return period of 0 .7 years (Table 
10.7) . These values are outside the range estimated for alluvial channels in temperate climes 
(Leopold, 1997), but they are close. 
The bench has an average annual return period of 1.3 years on the annual series and 0.2 years on the 
partial series (Table 10.5 and Table 10 7). This is in good agreement with the 1.5 year return period 
predicted for the bankfull event by Leopold (1997) . It is possible that the bench is in fact what 
Leopold refers to as the bankfull stage. This will be discussed later in the chapter. 
Terrace 1 has an average return period on the annual series of6.4 years and 2.4 years on the partial 
series, while Terrace 2 has an average return period of 14 years on the annual series and 9.1 years on 
the partial series (Table 10 .5 and Table 107) It is evident that under virgin flow conditions, these 
terraces were regularly inundated. 
The value of the 1.5 year return flood on the annual series ranges from 40 m's" at Site 1 to 90 m's-' 
at Site 4, with an average value for the four sites of 66 m's" (Table 1 0.4). This is considerably less 
than the average estimated bankfull discharge of 152 m's", but is in the same range as the average 
estimated 'bench-full' discharge of 47 m's"(Table I 0.4) The 2.44 year return period on the annual 
series ranges trom 105 m's" at Site I to 178 m's" at Site 4, with an average value of 142 m-'s", this 
is similar to the average estimated bankfull discharge of 152 m-'s" (Table I 0.4) The average 0.9 year 
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and 2.0 year return period on the partial series (205 m's·' and 449 m's·' respectively) is greater than 
the average estimated bankfull discharge (152 m's·') (Table 10.4). 
Figure 10 . I displays the plot of the relationship between the inundation discharge and the Mean 
Annual Runoff (MAR) for the different morphological features for the virgin flow . The data shows 
that there is a clear increase in inundation discharge for each of the morphological features in the 
downstream direction. This would suggest that the Mhlathuze River is functioning as an alluvial 
system in the sense that it has the capacity to change its boundary in response to the observed 
discharge of water and sediment. 
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Figure 10.1: Inundation di .• charge I'ersus Mean Annual Runofffor different morphological 
features for the l'irgin .t1ata for the Mhlathuze River. 
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10.2.2.2 Present-day conditions 
• 
The morphological features were identified in the field , and hence the stage at which each 
morphological feature (estimated bankfull discharge for example) becomes inundated will remain the 
same for virgin and present-day conditions (this assumes that the channel morphology has remained 
constant) What does change is the inundation return period. This can be seen from the data presented 
in Tables 104 to 10.8 . For the annual series data, the average return periods have increased. The 
average 'bench-full' discharge return period changes from 1.3 years to 2.1 years, the average 
estimated bankfull discharge from 2.6 years to 3 .7 years, Terrace I from 64 years to 9.5 years and 
terrace 2 from 14 years to 24 years (Tables 10.5 and 10.6) A similar trend is evident for the partial 
senes. 
It is instructive to note that under the present-day flow conditions, good agreement exists between 
the 1.5 year return period on the annual series and the average 'bench-full ' return period. The average 
1.5 year return period discharge for the four sites is 38 m\·', while the average 'bench-full' discharge 
for return period 1.5 years is 47 m's·' (Table 10.4) The average estimated bankfull discharge for the 
four sites is 152 m's·' , while the average 0.9 year return period on the partial series is 205 m\·' (Table 
104 and 106). This is also reflected in the average estimated bankfull discharge return period of the 
partial series which is 1. 1 years (Table 108) Thus it would appear that general agreement exists 
between the present-day flow regime and the 'bench-full' discharge. Given the limitations of the data, 
this would suggest that the Mhlathuze below the Goedertrouw Dam has, to some extent, adjusted 
to the present-day regulated flow regime. However, it is important to point out that this adjustment 
is only possible because the Mhlathuze below the Goedertrouw Dam is an alluvial sand-bed channel 
and is free to alter its boundary. In a controlled or semi-controlled channel such as the Mkomazi, it 
is unlikely that such an adjustment could occur as rapidly as it has in the Mhlathuze River. 
It has been demonstrated that considerable change has occurred in the hydrological regime since the 
construction of the Goedertrouw Dam. It was also noted earlier that under virgin flow conditions, 
the increase in MAR between sites I and 4 is by a factor of 1.96 (Table 10. 1). Under present-day 
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conditions, this increase is considerably greater (3 .39). This situation reflects the impact of the Dam 
and the flow recovery due to two major tributary inputs downstream ofGoedertrouw Dam, the Mfule 
and Nseleni . It is argued that the dam has trapped a significant portion of the bed load. Evidence at 
Site 1 ITom aerial photography analysis has confirmed that this, together with the flow reduction, has 
resulted in significant downstream narrowing and deepening of the channel with a concomitant 
encroachment of riparian vegetation (Dollar, 1998b) It is only when the Mfule joins the Mhlathuze 
between Site 1 and Site 2 that the channel recovers, not only in terms of flow, but also in terms of 
sediment load. Thus, there is considerable evidence to suggest that the regulated flow regime has had 
a noticeable impact on the channel morphology of the Mhlathuze River, particularly at Site I. On the 
basis of conventional wisdom, it is possible to argue that this adjustment is an attempt by the river 
to alter its morphology in sympathy with the imposed regulated flow regime. 
10.2.3 Domillanl discharf(e 
10.2.3 .1 Virgin flow 
The dominant discharge was computed using the Marlette & Walker (1968) equation. The dominant 
discharge as predicted by the different transport equations shows good consistency (Table 10.4). 
Figure 10.2 shows the plot of the relationship between dominant discharge and estimated bankfull 
discharge. The limited data set shows a reasonable relationship . However, due to the limited data set, 
this cannot be tested statistically. 
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Figure 10.2: Dominant llischarge ver.<Us hank full di.~chargefor virgin and present-day flowfor 
the Mhlathuze River. 
10.2.3.2 Present-day flow 
The dominant discharge for the Mhlathuze increases (other than Site 1 rime) under present-day flow 
conditions (Table 10.4). This does not imply that the load increases under present-day flow 
conditions, rather. it points to the fact that higher flows (classes) are necessary to transport the 
dominant discharge (i .e. the discharge that transports over 50% of the bed material load) . The three 
transport equations predict a reduction in transport capacity (see Table 10.9) with the magnitude of 
reduction decreasing with distance from the impoundment. This is due to flow recovery from the 
input of discharge from downstream tributaries. This is also reflected in the MAR (Table 10 1). 
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Table 10.9: Bed material transport capacity for the Mhlathuze Riverfor I.irgin and present-day 
flow conditions. Values are in tonnes per annunL 
Site Yang equation 
I virgin pool .15R41.1.9R 
1 prt:sent..J..ay pool lOR 274 '('<) 
Reduction/actor 3.31 
I vi rgin rime I 6.1.1 89.1.07 
J present-day rime .195 240. I 6 
R(~dIlClim/ faclor -1.13 
2 virgin 226 15R . .16 
1 prt:St."11t-d.1Y 1.10 0R2.20 
RedllcTirm faC Tor 1.73 
J virgin 1.1 1 497. 28 
J prt!st:\1t-d.1~ R5222.71 
Rerillcli01I faclo ,- 1.5-1 
4 virgin 142855.25 
4 pTt:sent -d.1~ go .162 .. ,9 
Redllcli()//Iacror 1.65 
Acken: & White equation 
(,<) 022.46 
15.104.99 
-1.5 I 
5no RIO. 19 
1027.12 .94 
5.-15 
.11.16·UO 
I 7<i .1 I.7R 
I.7R 
44 9.15 .26 
2R 725.44 
1.56 
54 707.55 
29 t)~2 . 5 5 
I .S2 
Engelund & Hansen 
equation 
2 50R 133.52 
R.18 594 .89 
2.99 
7R 76.161 14 1 
2 0 145 .180 .49 
3.91 
1 765064. 19 
9R5 260. 14 
1. 79 
242 999.47 
15877.1..18 
/.53 
180059 .54 
111 659.97 
/.~3 
The data in Table 10.9 shows that Site I riffle has a greater transport capacity than Site I pool. The 
reason is that the riffle has a greater energy gradient than the pool (although this equalises at higher 
flows). and thus the riffle generates greater unit stream power than the pool section (Appendix G, 
Tables 28 to 31) The three transport equations are based on stream power and, consequent ly. the 
predicted transport capacity at the riffle is greater than for the pool section. The transport equations 
predict that it is only at high discharge flow classes that the pools generate sufficient stream power 
to transport significant quantities of sediment. 
Figures 10.3 and 10.4 display the relationship between mean dominant discharge and MAR for the 
virgin and present-day flow respectively Also presented is the plotted relationship between mean 
stream power and mean dominant discharge for the virgin and present-day time series (Figures 10.5 
and 10.6) These plots indicate no clear trend. 
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10.2..J Fffective discharge 
10.2.4.1 Virgin flow 
The effective discharge is defined as the geometric mean of the flow class that transports the most 
bed material over a long period of time. It therefore represents a flow class between two exceedences. 
For the Mhlathuze River the time frame is 33 years of daily flow data. For the virgin flow record, all 
sites along the Mhlathuze were represented by an effective discharge that was equalled or exceeded 
between 1-0.01% (Table 10.10) 
The effective discharge for all sites other than Site I riffle are in excess of the dominant discharge, 
the estimated bankfull discharge, or the Qu, Qw, Q",J9 and Qr'" (Table 104) It should be noted 
that the two cyclones that impacted on the Mhlathuze in 1984 and 1987 (see Chapter 5) have skewed 
the flow duration curves and flood frequency curves, such that the highest flow class (0.0 I % equalled 
or exceeded) is almost seven times larger than the second highest flow class (0.1 % equalled or 
exceeded)(Tables 10.2 and 103). The bi-polar flood frequency curve has resulted in the generation 
of extremely high values for the effective discharge. 
Table 10.10: Effective dischargefTnw c/a~sesfnr the Mhlathuze River. 
Site Yang Ackers & Engelund & Yan~ Ackers & Engelund & 
(flow class) White Hansen (flow (flow class) White Hansen (flow 
(flow class) class) (flow class) class) 
Virgin flow Present-day 110w 
I pool 0. 1-00 1% 0.1-0.01% n. I-(UlJ% n. l-IUIJ % n. I -O.OI% O. l ··'{UlJ % 
I ri11k 1-0 .1% l-n. 11Yn I "() . I% 5-1% 5-1 % 1-0.1% 
2 0. 1·0 0 1% O, i-n.n I % 0. 1-0.0 1% n. l ..(lO I% O. I-llOl% 0. 1 ~) . f)1% 
, f) . I-n.m % 1-0 .1% 0.1-0.0 \% n. I-O.OJ% 1-0.1% O. I-fI.Ol % 
4 n , I -O.O I % 0. 1-0 .01% 11 . 1-0 .0 1% n l -fl OI% n . l-ILOJ% 0. 1-0.0 1% 
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The upper three flow classes (5-1 %~ I-O . l%~ 0 1-001 %) are the most significant in terms of 
effectiveness (Figure 10.7). It is only at Site 1 riffle, that the upper three flow classes do not account 
for more than 80% of the bed material transported (Figure 10.7) At Site 1 pool , and sites 2, 3 and 
4, the effective discharge accounts for over 40% of the bed material moved (Figure 10.8). The 
effective discharge calculated for the Engelund & Hansen model is in excess of 58% for three sites 
(2, 3 and 4) . This begs the question, how is the remaining bed material transported around the 
effective discharge~ 
Figures 10.9,10.10 and 10. 11 display the distribution of the cumulative sediment transport for the 
three transport equations. The Yang equation indicates that other than Site 1 riffle, the four sites 
along the Mhlathuze show similar shaped curves. It was noted in the previous paragraph that the bulk 
of the bed is transported by the upper three flow classes. For the Yang equation, less than 10% ofthe 
total bed material load is transported by flows less than the 20lh percentile (Figure 10.9). However, 
the curve for Site I riffle displays a different shape, as the steeper slope and higher unit stream power 
at the riffle results in higher predicted transport capacities at lower discharges - hence the different 
shaped curve. A similar trend is displayed for the Ackers & White equation (Figure 10 10). The 
Engelund & Hansen equation predicts higher transport values at lower discharges, consequently the 
shape of the curves are slightly different (Figure 10.11) However, the Engelund & Hansen equation 
also predicts that over 90% of the bed material is carried by flows greater than the 20lh percentile. It 
is evident that although the transport equations predict different transport volumes (Table 10.9), they 
all predict similar trends . 
The data for the virgin flow indicates that for the Mhlathuze sand-bed sites, virgin flow conditions 
are more than sufficient to mobilise the entire bed (Figure 10.12) It should be noted that relative to 
the Mkomazi , the Mhlathuze sand-bed sites generate low unit stream power and shear stresses. This 
is a function of the low slope and the wide channel. For example, the unit stream power at the 0.1-
0.01 % flow class for sites 2, 3 and 4 is 260 Wm" , 86 Wm" and 65 Wm" respectively (Appendix G, 
Tables 32 to 37) At Site 1, the unit stream power is 280 Wm" at the pool section and 1 073 Wm" 
at the riffle section (Appendix G, Tables 30 and 31) The higher values are the result ofa narrower, 
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deeper channel and a steeper slope. These low stream power values at sites 2, 3 and 4 preclude the 
transport of coarse material. even at high flows . However, as it is, there is no coarse material to 
transport . 
Mhlathuze river virgin flow 
Upper three flow class % transported 
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Figure 1 Ii. 7: Effective dischargefor the upper three flow cla.ues (.5-1 %; 1-0.1% ami O. 1 -(J.(JI %) 
for virgin flow for the Mhlathuze Ril'er. 
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Figure 10.9: Cumulative sediment tran,~p(Jrtfor the Yang equation for all,~itesforthe "irginjTolV 
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Figure 10.10: Cumulative sediment tran.~portfor the Ackers & White equation for all Jite.~for 
the virgin flowfor the Mhlatltuze River. 
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Figures 10. 13 and 10 14 present the relationship between MAR and the mean effective discharge for 
the Mhlathuze for the virgin and present-day flow. Although it is not possible to test this relationship 
statistically. the results suggest that effective discharge increases with MAR. This would indicate that 
bed material transport is. in part. a function of discharge for the Mhlathuze. This is so because of the 
mobility of the sand-bed. This relationship is not as clear for the Mkomazi or Olifants Rivers . 
The plot of the relationship between mean unit stream power and mean effective discharge for the 
virgin and present-day data is presented in Figures 10.15 and 10 16. Again. although it is not possible 
to test this relationship statistically. it is evident that an inverse relationship exists between effective 
discharge and stream power. Higher effective discharges appear to be associated with lower unit 
stream powers. Although this seems to be counter-intuitive, this is to be expected for the Mhlathuze. 
as high stream powers initiate transport at lower discharges. and hence the effective discharges are 
lower. 
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10.2.4.2 Present-day flow 
The effective discharge is greater for the virgin flow than for the present-day flow . For example, the 
effective discharge calculated using the Yang equation is 1020 m.1 s-' at Site I pool under virgin 
conditions, this declines to 595 m's-' under present-day conditions. Similar results are obtained at all 
sites for the different equations (Table 10.4). This is to be expected, as the effective discharge is the 
geometric mean of the flow class that transports the most bed material. 
Of significance is the impact of the regulated flow environment on the shear stress and unit stream 
power The boundary shear stress and unit stream power has been reduced for the effective 
discharges. Figure 10 17 shows the data for the unit stream power for the effective discharge for the 
Yang equation. The effective discharge for Site 1 pool (1020 m-'s-') under virgin conditions produced 
a unit stream power value of280 Wm-2 (Figure 10 17), while the effective discharge for the present-
day conditions (595 m's-') produces a unit stream power of 181 Wm-2 Thus, while the discharge 
under present-day conditions represents 58% of the virgin flow, the present-day unit stream power 
represents 65% of the virgin unit stream power. At Site 1 rime this is even more marked with the unit 
stream power declining from over 650 Wm-2 under virgin flow conditions to just over 200 Wm-2 
under present-day conditions. At Site 2, the difference in unit stream power is small (260 Wm-2 for 
the virgin conditions and 202 Wm-2 for the present-day conditions) . At sites 3 and 4 the difference 
is insignificant (86 Wm-2 for Site 3 virgin as opposed to 72 Wm-2 for Site 3 present-day, and 65 Wm-2 
for Site 4 virgin and 54 Wm-2 for Site 4 present-day). As is the case with the total load, this disparity 
reduces with distance from the dam, and for the same reasons . It is important to note that although 
at these low stream powers the river is competent to transport the bed material, the overall volume 
of sediment moved is considerably less (Table 10 9). The transport .ofbed material for the Mhlathuze 
appears to be mainly a function offlow volume and duration , as the bulk of the bed is sand-sized and 
is thus mobile even under low flow conditions. It should be re-emphasised that these relationships 
may not hold true for gravel- or cobble-bed rivers . 
ChaEtcr 10 : lIe.I'II/Is and discllSsion - Ihe Mh/alhllze and OlifanlS lIivers 
Mhlathuze river effective discharge 
Stream power (Yang) 
700,-----------------------------------------------------, 
600 i 
1500 -TI------------1 
0-
~ 
e400~------~ 
<i 
:3004-----------~ 
" -
i!l200 
" !': 100 
o 
1 pool 1 riffle 
• Virgin flow 
2 3 4 
Site number 
Present-day flow 
Figure 111.17: Unit stream pmverfor the Mhlathuze River using the Yang equation. 
Pas.c 231 
Figures 10 . 18. 10. 19 and 10.20 display the distribution of the cumulative bed material transport for 
the three transport equations for the present-day flow. It has been mentioned earlier that the total bed 
material load for the present-day discharge is considerably less than the total load for the virgin 
discharge (Table 10.9) . It was also mentioned earlier that for the virgin flow. all three transport 
equations predict that over 90% of the total bed load was transported by flows that were equalled 
or exceeded 20% of the time or greater on the flow duration curve. For the present-day flow. the 
curves have all shifted to the right. This means that other than for Site I rime. 90% of the total bed 
load is transported by the top 5% of the flows (Figures 10. 18 to 1020) . This represents a significant 
change in the etTectiveness of the flow regime. Under the virgin flow conditions it appears that there 
was a more even distribution of the load between the flow classes. Under present-day flow 
environment. not only has the total load been reduced by a factor between 3.5 (the average for the 
three equations for Site I pool) and 1.54 (the average for the three equations for Site 4) (Table 10.9) 
but there has also been a clear change in the way in which the load is distributed around the duration 
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curve. This is of signiticance in recommending flows for the Instream Flow Requirement (IFRs) and 
will be discussed further in Section 10.2.8. 
It could. however. be argued that reduced transport capacity may be oflimited significance. as long 
as a balance exists between the amount of material transported to the river system and the amount 
of material transported out of the system. However. where there are significant inputs of sediment 
from downstream tributaries (such as the Mfule and Nseleni for the Mhlathuze). it is likely that 
sediment accumulation will occur downstream of these tributary junctions which will lead to channel 
aggradation. Under present-day conditions. the Mhlathuze is still competent to transport bed material 
at reduced (regulated) flows. but this is only due to the high mobility of the sand-bed . The reduced 
flow means that a reduced volume of material is being transported (ie the capacity of the Mhlathuze 
is reduced) despite the present-day regulated system's competence to transport the bed material. 
There is also no danger affine material filling the interstices of coarser material. Were the Mhlathuze 
River a heterogenous gravel- or cobble-bed river (such as the Mkomazi or Olifants). then a greatly 
reduced flow regime would be expected to have a different impact. This wi ll be expanded on later in 
the chapter. 
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Figure 111.19: Cumulative .~ediment transportfor the Acker.~ & White equation for all site·~for 
the pre.~ent-day.f7mvfor the Mhlathuze River. 
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10.2.5 Synthesis 
The Mhlathuze River is a sand-bed river and, as such, these findings demonstrate that bed material 
transport occurs at even the lowest flow classes. It was also mentioned that the construction of the 
Goedertrouw Dam has had a significant impact on the flow regime, with a reduction of up to 60% 
ofthe MAR immediately downstream ofthe dam. The effective discharge has been reduced by almost 
50% at all sites. While these reduced flows remain competent to mobilise the bed material, the volume 
of the transported material has been reduced due to a reduction in the transport capacity associated 
with a reduction in unit stream power. The cumulative sediment transport curves have shifted to the 
right under the present-day flow environment, which would suggest a higher percentage of the bed 
material is being transported by less frequent flows. This, however, points to the fact that under 
present-day conditions, the higher flows are of greater significance, as these are the flows that are 
more ' effective' . 
It is argued that the Mhlathuze River has adjusted its channel morphology in sympathy with the 
regulated flow regime. There is evidence to suggest that a new set of in-channel features are 
developing, and that the present-day in-channel bench is in fact the new bankfull discharge. This is 
supported by the hydrological data. These findings suggest that methods used for setting a regulated 
Instream Flow Requirement (IFR) on the basis of morphological features in the channel (e.g. the 
bankfull stage) may be inappropriate. This issue will be discussed in greater detail in Section 10.2.8. 
It should be noted that the effective discharges calculated for the Mhlathuze River are far higher than 
for the Mkomazi or Olifants Rivers . This is significant, as it illustrates the importance of the the flow 
regime The upper part of the flow duration curve displays a marked steepening due to the occurrence 
of tropical cyclones and cut-off lows which appear to occur on average every twenty years or so in 
northern K waZulu-Natal. The high variability of the Mhlathuze increases the importance of the higher 
flows. It is also clear that, under present-day flow conditions, the morphological features are 
inundated less frequently (approximately half the time) than would be the case under the virgin flow 
regime. It is argued that due to the sand-bed nature of the Mhlathuze River, the channel can 
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accommodate significant reductions in flow without crossing the threshold of instability, provided that 
the amount of sediment transponed into the system is balanced by the amount of sediment that the 
channel can transpon out of the system. 
10.2.6 Sedimellf-mailliellallceflushill"flows 
In Chapter 8, the methods used for determining sediment-maintenance flushing flows were presented . 
This section will repon on the results for the regulated Mhlathuze River. Refer to the relevant 
sections on sediment-maintenance flushing flows in Chapter 8 and Chapter 9. 
The Milhous approach was found to be inappropriate for sand-bed rivers. This is not surprising given 
that the equations generated by Milhous were developed for a gravel-bed river. In fact , Milhous 
(1998a) himself cautions that the equations should not be used when the 0'0 is less than 2.0 mm. The 
values that were calculated were clearly inappropriate. However, for the purposes of consistency, the 
calculations are available at the back of the repon in Appendix H. 
Figure 10.21 shows RBS values obtained for the Mhlathuze virgin flow data. Also shown is the p 
value calculated for the 0.021 (surface) and 0.035 (depth) flushing flows. These values represent the 
flow class at which the P value is 0.021 and 0.035 respectively. The tables displaying these results are 
available in Appendix H at the back of the repon . The data indicate that the Mhlathuze has the 
potential to become unstable at very low flows (as low as the 10Th percentile). This is to be expected 
as the Mhlathuze is a sand-bed channel and transpon occurs at very low flows . The calculated 
effective and dominant discharges are far in excess of the discharge at which the RBS value estimates 
the bed will become unstable. 
The data for the present-day flow indicates that the flow class at which the bed becomes unstable is 
the same for all sites, other than Site I riffle . Here the RBS estimates that the bed will become 
unstable at the 99th percentile flow class as opposed to the 95Th percentile under virgin conditions 
(Figure 10 .22). Similarly, the P value for the 0.021 and 0.035 changes from the 40th and 80th 
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percentile under virgin flow conditions respectively, to the 90'h and 99'h percentile for present-day 
conditions. This confirms the results generated by the transport equations where the cumulative 
transport curve has shifted to the right. 11 is suggested that these two methods are inappropriate for 
sand-bed channels. 
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Figure ]0.22: RBS va]ue,~ calculatedfor the Mhlathuze River present-day flow. The fJ value 
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10.2.0. 1 Effective discharge for sand and gravel 
The effective discharge for sand and gravel was calculated using the same technique as outlined for 
the Mkomazi River. This was done for virgin and present-day conditions for the Mhlathuze River. 
Results from the virgin flow (Figure 10.23) indicate that the percentage bed material transported by 
the effective discharge for sand is generally less than that for'gravel. This would suggest:that the sand 
is being transported by a wider range offlow classes than the gravel , which is to be expected. Results 
from the present-day flow indicate that the percentage transported by the effective discharge for sand 
and gravel has changed (Figure 10.24). A number of points are evident. First, the percentage bed 
material transported by the most effective discharge has increased for both sand and gravel (Figures 
10.23 and 10.24) It is clear that not only has the volume of sediment being transported by the 
present-day flow changed, but so too has the proportion of sand and gravel being transported by the 
different flow classes. This result indicates that under present-day conditions less bed material is being 
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transported and that the material that is being transported is being transported by a smaller range of 
fl ow classes. This finding is in agreement with the results presented in Section 10.2.4.1 . 
This has not, however, changed the effective discharge flow classes (Table 10.11). This would 
suggest that although the capacity of the flow has changed, the competence has not. 
Table 10. 11: Effective dischargeflow cla.uesfor the Mhlathuze Ril'er for sand and gravelfor the 
Yang equation. 
Site Sand Gravel Sand Gravel 
(now cia,,) (now cia .. ) (flu,,' class) (flo",' class) 
Virgin flow Present-day flow 
I pool 0.1-11 .01% n. l-llO I% 0. 1-0.0 1% 0. 1~) . 0 1% 
I rink 1-1"1.1% 1-ll l% 1-0 . 1% J-tll % 
2 0.1 -0.0 1% n.I -O.nl% n. l-0,Ol% 0.1-0.0 1 % 
, 0. 1-0.01% 0 .1 ~) . 0 1 % n.l-0 .nl% O.I -IUli % 
4 0. 1-11.01% n.l -0.n l% 0 . 1-0.0 1% n. l -O.OJ% 
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10.2. 7 Synthesis 
The results highlight a number of issues. First, the regulated flow regime has reduced the bed material 
transport capacity of the Mhlathuze River by nearly four times immediately below Goedertrouw Dam, 
and by approximately 1.5 times near the mouth. [This may have a number of indirect impacts, such 
as increased coastal erosion and degradation of beaches (cf. Cooper, 1991)]' Second, it could be 
argued that due to the high mobility of the sand bed this may be oflimited significance, provided that 
the amount of bed material supplied to the channel equals the amount of material transported out of 
the channel. However, this is not the case for the Mhlathuze River. The channel immediately 
downstream of the dam has narrowed and deepened in response to the regulated flow. It has 
effectively been stripped of its sediment and consequently a new channel form has developed. This 
impact is compensated for in the downstream direction by the input of sediment and discharge from 
the Mfule and Nseleni tributaries. It is suggested that the input of sediment and discharge from 
downstream tributaries is likely to have resulted in channel aggradation . This would suggest that the 
impact of the regulation changes in the downstream direction. Immediately below the Dam, channel 
narrowing and deepening occurs in response to a markedly reduced discharge and bed material load . 
Further downstream, below major tributary inputs, this impact is compensated for by inputs of water 
and sediment to the main stem. The alluvial sand-bed system has therefore adjusted its channel 
geometry in sympathy with the regulated flow regime 
If the above hypothesis is correct, then the following should also be true: under virgin flow 
conditions, the bench should have been absent and the estimated bankfull discharge should have been 
the equilibrium condition. If the bench is indeed a modern feature and related to modern flows, then 
the recurrence interval of the inundation should be approximately the same as the recurrence interval 
of the bankfull level under virgin flows . Furthermore, if the upper sites are incising then the 
recurrence intervals should be relatively high. If the lower sites are aggrading, then the recurrence 
intervals should be relatively low. The lack ofa bench at Site 3 suggests that the present bankfull level 
may be the closer to the true bankfull level than at the other sites. The data therefore support this 
hypothesis . 
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IO.2.R. implicatiolls(or IlIsrream Firm' Reqlliremenrs (fFRs) 
I n setting a regulated flow regime that would attempt to mimic the significant pre-impoundment 
discharges, it is necessary that the geomorphological objectives be clearly stated . In the case of the 
Mhlathuze River, where clear evidence exists that the regulated flow regime has had a significant 
impact on channel morphology and bed load transport capacity, it may be useful to set flow objectives 
that maintain certain aspects of the existing channel, rather than attempting to set flows to return the 
channel to a pre-impoundment state. It may be necessary, therefore, to set different flow requirements 
for Site I which is immediately below the Dam and which is incising and narrowing, as opposed to 
sites 2, 3 and 4 which are below the confluence of the Mfule and Nseleni tributaries, and are therefore 
probably aggrading. 
Given the fact that the Goedertrouw Dam has a near 100% trap efficiency and that there are no major 
tributary inputs of sediment between the dam and Site 1, it is unlikely that channel aggradation will 
occur. It is more likely that the channel will maintain its downward trajectory and continue to narrow 
and deepen. To avoid this scenario, it may be useful to set an IFR that will ensure that the channel 
maintains its present width and topographic diversity. For this reason, the channel maintenance flows 
should not be pinned to present-day morphological features . Flows should be recommended that seek 
to maintain the status quo of the channel, as it is clear that it is not possible to return the channel to 
the pre-impoundment condition. Channel maintenance flows need to be set close to the effective 
discharge. It is important to note that the effective discharge also implies fl ow duration . It may be 
possible to manipulate the hydrograph of the dam releases (especially in mobile sand-bed channels) 
to optimise sediment transport and achieve a desired channel condition . 
Furthermore, it has been demonstrated that due to flow regulation, the high magnitude low frequency 
flows assume greater significance in transporting the bed material. It is argued that these flows need 
to be allowed through the channel reach. 
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For Site I, the following objectives might be set: 
• to remove fine sediment from the pool ; 
• to remove fine sediment from the gravel and cobble substrate in the riffle; 
• to entrain the coarse material on the riffle, thereby exposing subsurface material to transport 
and maintaining a loose structure; 
• to maintain the active channel width and topographic diversity; and 
to allow large floods to move through the reach. 
The sand-bed channels (sites 2,3 and 4) are highly mobile. However, if the regulated flow regime 
does not have the capacity to transport the sediment input, then aggradation will occur. It is argued 
that the development of inset channel benches are probably a response by the Mhlathuze River to the 
regulated flow environment. Unless a balance between the input and output of sediment is achieved, 
the long-term trajectory for the Mhlathuze at these lower three sites is one of aggradation. This effect 
can be mitigated to some extent by flooding. However, given that the Goedertrouw Dam has had the 
effect of attenuating the flood peaks, present-day floods do not have the same capacity as they had 
in the past. However, they are of greater significance as they are relatively more ' effective' under 
present-day conditions. 
For sites 2, 3 and 4 the fOllowing flow objectives might be set : 
• to maintain the equilibrium of the channel by setting flows that transport the same amount of 
material entering the channel as that leaving the channel: and 
to allow large floods to move through the channel reach . 
It is clear !Tom the channel geometry of the Mhlathuze River that the river has adjusted to a highly 
variable flow regime. Flooding forms an important part of the operation of the system. As long as the 
system remains regulated, geomorphological responses are inevitable. 
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10.3 The Olirant.~ River 
10.3.1 Overview 
The Olifants River is a highveld river in the Gauteng and Mpumalanga provinces of South Africa An 
overview of the Olifants River has been presented in Chapter 5. A short summary is provided here . 
The upper Olifants drains an area of approximately 10 841 km'. The upper Olifants system consists 
of three main stems, the Wilge to the west, the Klein Olifants to the east and the Olifants proper. The 
channel is strongly controlled by bed rock and by numerous lineaments and faults that traverse the 
river. The bed material is predominantly cobble-sized. The three main stems have been impounded 
by a number of dams. The Wilge River is impounded by two major dams. the Bronkhorstspruit Dam 
and the Premier Dam. The Bronkhorstspruit Dam is nearly 80 kilometres upstream of Site 4. 
Downstream of the Bronkhorstspruit Dam is Premier Dam, Site 4 is approximately 40 kilometres 
downstream of Premier Dam. The main Olifants stem is regulated by two dams, the Witbank Dam 
and the Doompoort Dam. Site I is 15 kilometres downstream of Doompoort Dam. The Klein 
Olifants River is impounded by Middelburg Dam, Site 3 is approximately 45 kilometres downstream 
of Mid del burg Dam. Site 2, which is the lowest site on the Olifants system is thus regulated by five 
impoundments. These impoundments have been in place for some time (over 50 years) and have had 
a major impact on the flow regime of the Olifants system . 
The flow classes calculated for the Olifants River are presented in Table 10. 12 . The methods for 
determining the bed material transport, effective discharge and dominant discharge were the same as 
those used for the Mkomazi and Mhlathuze Rivers . It should be pointed out that the sites on the 
01ifants River could not be related to any longitudinal downstream changes, as two of the sites are 
on tributaries of the Olifants [Sites 3 (Wilge River) and 4 (Klein Olifants River)]. They were, 
however, related to the Mean Annual Runoff (MAR). 
It is important to re-emphasize that the hydrological data that were generated for the Olifants River 
relate to the virgin flow conditions. As explained earlier, this was due to the fact that no present-day 
Chal?tcr J 0: Resulls and discussion - Ihe Mhlalhllze and Oli(anls Rivers Page 244 
daily data could be generated, as information on the operational procedures of the controlling dams 
was unobtainable or not available. The field methods that were applied to the classification of the 
morphological features of the Mkomazi and Mhlathuze Rivers were also applied to the Olifants River. 
Table 10.12: Flow clas,~es calculated for the Ol!fant,~ Ril'er. Values are in nro5-', MAR is in 
million cubic metres. 
Glo tim€' Q ('ri'Om('tril: Q (~m('trl(" Q (~om('trl(' Q (~m('fri(' ml.'lln 
("quailed or mf'anflow m('annM\' mE-an f1o~' nm".' da~!' 
t'x('('t'1iC'd d:ill"'-'1 class dali~ 
Sitt' 1 Sltl' 2 Sltt' 3 SitE' "' 
,",7 MAR ~~9,3 MAR H1.671otAR 166.9 MAR 
99.99 0 .010 0.206 O . O2 ~ 0. 120 
90 0 .225 0.047 J.:\04 0 . 51~ O. IS7 O.06R O . 70~ 0 .29 1 
~o 0.297 0.259 I.R15 1.5-n O.25R 0.220 O.9R2 O.K'4 
70 a.3RI a .. uo 2.4J..1 2.105 D .. UO 0.292 1.25R I. 111 
60 0 .527 OA4R 1.214 2.794 n.411 n .. 16R 1.604 1.421 
~O oxn 0.661 4.fi49 .1 .R77 (J, 510 0.467 2.04!il 1.~12 
40 1.420 l.OR6 7.104 5.771 0.77 1 0.619 2.744 2.171 
10 2.514 I.R?7 11.5Rl 9.109 1.2RO 0,991 1.934 1.2R6 
20 4 .R46 3.504 19.241 14.927 2 . 2~1 1.709 6.4S7 5.052 
10 11.1 ~9 7_:U~4 :n.1R2 26.747 ~ . OIO .1 .:lRl L1.1 16 9 .294 
5 20. 14:t 1;\ .013 59.99 1 47.229 9.250 6.ROR 22.7 12 1:1 .. 191 
I 5J.JR5 .12.792 149.09:,\ 94574 25.6.l5 15 . .199 62 .252 .17.601 
0.1 229.-:174 11 0.6R2 520.06J 27R.4:'i6 107.155 52 .411 237.66 121.6J5 
o.cn 561U'lR6 361.246 1001. 21': nUi!S :\24.499 lR6A72 605 ,96 .179.494 
10.3.2 Analysis of channel morphology 
The estimated bankfull discharge for the Olifants River ranges from 62 m-'s·1 (Site J) to 4 J 8 m' s" 
(Site 2)(Table 10. J 3). On the annual series, these stages are inundated by flows ranging from a 1.6 
to 9.5 year return period, with an average of5 .8 years (Table 10 J 4) The partial series ranges from 
0.3 years to 4.2 years with an average of J. 7 years (Table 10 J 5) The results for the annual series 
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other than for Site I are considerably higher than the conventional wisdom suggested by Leopold 
( 1997) 
The results indicate good general agreement exists between the estimated bankfull discharge and the 
1.5 and 2.44 year return period flows at Site I (Table 10 13) At Site 2, the estimated bankfull 
discharge is similar to the 2.0 year return period on the partial series. At Site 3, the estimated bankfull 
discharge is greater than any of the calculated return periods, while at Site 4 the estimated bankfull 
discharge is close to the 2.44 year return period on the annual series. It appears that no consistent 
agreement exists between the estimated bankfull discharge and any hydrological statistic for the 
Olifants system. Furthermore, this does not appear to be related to channel type . Sites I and 2 are 
both multiple-channel types with partial bed rock control and a number of distributary channels. Yet 
Site I shows good agreement between the estimated bankfull discharge and the 1.5 and 2.44 year 
return period on the annual series, but Site 2 does not. Site 3 is strongly bed rock controlled, and the 
estimated bankfull discharge (160 m's") is well in excess of any calculated hydrological statistic 
(Table 10 13). Site 4 is a cobble-bed channel, with the estimated bankfull discharge (80 m's") almost 
twice that of the 1.5 year return period on the annual series (49 m"s"), but considerably less than the 
0.9 and 2.0 year return period on the partial series (126 m"s" and 192 m's" respectively) (Table 
I 0.12) . The estimated bankfull discharge for the four sites for the Olifants system therefore display 
no consistent relationship with any calculated hydrological statistic. 
This finding is also reflected in the relationship between the MAR and the inundation bankfull 
discharge. Figure 10.25 displays the relationship between the inundation discharge and MAR for the 
Olifants River. The estimated bankfull discharge does not appear to increase with increasing MAR. 
Only terrace 3 displays a definite increase in the downstream direction (using MAR as a surrogate 
for downstream changes) . Terraces I and 2 display no clear trend. This may reflect local conditions 
in that there is strong bed rock control at these sites and the channel boundary is not free to adjust 
to the flow regime, or the terraces may reflect the imprint of a relict flow regime. 
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Table 10.l.1: Morphological data for the OIifants River. Values are in 1If'.~·'. 
Site 13 11 I ~ 12 Average 
Virgin MAR 185 255 313 362 
0" 31 54 49 127 65 
Q ~IJ 41 75 7.1 19n 95 
Or ,,~ 46 'J7 12" 274 1.1(, 
0,,: 11 81 178 192 441l 2D 
.\ Inrplmlog.icol /1(1\4'.'1 
F.stinml~d Qh Ifill 62 81l 418 
t~rract:: I (105 750 551 fi21 
terrace 2 889 993 1245 
tc:rr;iCC .' 1295 189') 14('2 159R 
Domillanl discharge 
Yang 31) 27 28 19 
Ackcrs & White M 32 29 
Engdund & Hansen 63 .12 4.1 27 
Average 55 .10 :~6 25 
F..fJr.'ctiv(? discharl!t' 
Yang 52 .13 38 95 
Ackers & White 52 I II 95 
Engelund & Hansen 186 III :'79 278 
AVt.'fage 97 85 2n9 150 
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Table 10. 14: Inundation frequencie.~ for different morphological features for the annual data 
for the Ol!fants River. 
Site Estimated Discharge Terrace 1 DischafJZ:c Terrace 2 Discharge Terrace 3 Discharge 
Qh return mls-' return m.ls-1 return mls-' return mls" 
period period period period 
3 9.5 160 >64 605 >64 RR9 >64 1295 
I 1.6 62 >64 756 >64 IR99 
4 2.R RO ~o 55 1 >64 993 >64 1462 
2 9.2 41R 15.R 621 >64 1245 >64 259R 
Average 5.R 
Table 10.15: Inundation frequencies for different morphological feature.~ for the partial series 
data for the Olifants River. 
. . 
Site Estimated Discharge Terrace 1 Discha~e Terrace 2 Discha~e Terrace 3 Discharge 
Qh return mJs'\ return mls" return mJ s·1 return m J !Ij · l 
period period period period 
3 4.2 160 >64 605 >64 R89 >64 1295 
I n .. ' 62 >64 756 >64 IR99 
4 04 RO 15 55 1 >6-1 993 >64 1462 
2 1.9 41R 3.R 621 >64 1245 >64 259R 
Average:! 1.7 
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10.3.3 nomillalll JischarKt! 
The dominant discharge as calculated by the Marlette & Walker (1968) equation shows different 
values for each of the three bed material equations (Table 10.13) The dominant discharge values for 
the Yang equation range from 19 m's" (Site 2) to 39 m's" (Site 3). The values for the Ackers & 
White and Engelund & Hansen equations range from 29 m's" (Site 2) to 64 m's" (Site 3) and 27m's" 
(Site 2) to 63 m's" (Site 3) respecti vely (Table 10 13). No dominant discharge was calculated for the 
Ackers & White equation for Site 4, as the equation predict~d that even under the highest flow class 
conditions no bed material transport would occur. The dominant discharge is generally lower than 
the 1.5 and 2.44 year return period on the annual series and the 0.9 and 2.0 year return period on the 
partial duration series (Table 10 .13). 
Figure 10.26 displays the plot of the relationship between MAR and dominant discharge. Although 
not tested statistically, the result indicates that an inverse relationship exists between MAR and 
dominant discharge . The higher the MAR, the lower the dominant discharge. Also presented is the 
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relationship between mean stream power per un it area and the mean dominant di scharge (Figure 
10.27), no clear trend is evident. 
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[0.3.-1 Iffeeli\'(! Jischwge 
The etTective discharges as calculated by the Yang and Ackers & White equations range from 33 m"s·l 
(Site I) to 95 m's" (Site 2) for the Yang equation, and 52 m's" (Site 3) to II I m-'s" (Site I) for the 
Ackers & White equation . The Engelund & Hansen equation predicts values ranging from II I m"s" 
(Site I) to 379 m"s·l (Site 3)(Table 10 13). The Engelund & Hansen equation predicts a significantly 
higher effective discharge than the Yang and Ackers & White equations. This is likely a function of 
the inappropriate application of the model to coarse-bedded channels . 
Table 10. 16 presents the effective discharge now classes for the Olifants River. The effective 
discharges range from the 5-0.0 I % range . The Yang equation predicts effective discharge in the 5-1 % 
range for sites I, 2 and 4 and 1-0.1 % range at Site 3. The Ackers & White equation predicts from 
the 5-1 % class for Site 2, and 1-0. I % for sites 1 and 3. No transport is predicted for Site 4 . Engelund 
& Hansen predicts higher transport values, with effective discharges in the 1-0.1% and 0. 1-0.01% 
now classes. 
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Table 10.16: Effective discharge.f1ow c1as.~es.for the O1ifant.~ River. 
Site Yang Acke" & White Engelund & Hansen 
(flow clau) (flow cla.llls) (flow class) 
I 5-\ % 1-0. 1% 1-0.1% 
2 5-\% 5- 1% 1-0 , \% 
.' 
1-0. 1% 1-0. 1% 0.1 -0 .0\% 
4 5-1% 0. 1-0.1)1 % 
It is evident that the upper three flow classes are responsible for over 60% of the bed material 
transported at each of the sites (Figure 10.28) The effective discharge transports between 32% and 
51 % of the bed material at the four sites (Figure 10.29). As with the Mkomazi and Mhlathuze, this 
begs the question of how is the remaining 60% or so of the bed material load distributed around the 
effective discharge. Figures 10.30 to 1032 display the cumulative sediment transport curves for the 
three transport equations. The results indicate that very little bed material transport occurs before the 
20% equalled or exceeded flow for the Ackers & White and Engelund & Hansen equation (Figures 
10.31 and 10.32). The Yang equation computes a slightly higher proportion of bed material 
transported at lower flows (Figure 10.30) This is reflected in the effective discharge flow classes 
(Table 10 16). It is clear that over 90% of the bed material for the sites is transported by flows that 
are equalled or exceeded by the 20th percentile and greater. Flows lower than this are simply not 
competent to transport significant quantities of bed material. 
However, what is evident is that the flow does not appear to be competent to move the entire bed 
(Figure 10 .33) . At sites 1.2 and 3, the transport models predict that the 0,,, and below are moved 
at the highest flows . However, at sites I, 3 and 4 the Yang and Ackers & White equations predict that 
the highest flow class does not have the competence to transport the D" In contrast, the Engelund 
& Hansen model predicts that the D" is moved at the highest flow class. Field observation suggests 
that the Engelund & Hansen model over-predicts incipient motion. The Engelund & Hansen model 
is also designed for alluvial sand-bed rivers and, consequently, this model cannot be reliably applied 
to a coarse cobble-bed channel. It would appear that given the coarse nature of the bed, not all of the 
bed becomes mobile, even at the highest predicted discharges . 
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The highest modelled flows generated for the Olifants River are not sufficient to inundate the upper 
two terraces (Appendix G, Tables 38 to 41) . Ifflows of sufficient magnitude were able to inundate 
these terraces, however, the shear stresses and unit stream power generated would be sufficient to 
mobilise the entire bed . For example, the unit stream power generated at the terrace :3 inundation 
stage at Site 3 is 2683 Wm" (Appendix G, Table 40) . Similar, large values are generated at terrace 
2 and 3 (2260 Wm-' and 2018 Wm" respectively) . Unfortunately, no historical flood data are available 
for the Olifants system, and hence it remains untested whether these terraces are inundated by high 
magnitude low frequency events . 
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Figure /0.32: Cumulative sediment transport for the Engeluml & Hansen equation for the 
OIifants River. 
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Figure 10.33: Maximum competencefor the OIifant.< Ril'er. 
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The Olifants River is strongly controlled by bed rock. local hydraulic conditions and coarse bed 
material. The effective discharges are in the 5-0 .01% range on the I-day daily flow duration curve. 
It has been shown that the coarse fraction of the bed material (i .e. D" and greater) remains immobile. 
even under the highest flow class. despite the high shear stress and unit stream power generated at 
a number of the sites. The material that is transported is'mainly fine gravel. This results in the 
calculation oflow effective discharges. as the flow in the lower flow classes is competent to transport 
significant quantities of the fine bed material. but is unable to mobilise the entire bed . It has also been 
demonstrated that should the flow reach the stage of the upper two terraces. sufficient stream power 
would be generated to transport the entire bed . Thus it could be argued that like the Mkomazi. the 
Olifants has developed a channel architecture that is related to a highly variable, bi-polar type flood 
regime. It may therefore be erroneous to think of one' effective discharge ' for the Olifants. Instead 
a set of effective discharges may be of significance. 
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10.3. IS Sedimenl-mainlenancefl"shinf(.f!ows 
The same methods that were used to determine the sediment-maintenance flushing flows for the 
Mkomazi and Mhlathuze Rivers were applied to the Olifants River. Table 10 17 presents a summary 
of the results. It can be seen that at all sites, except Site 4 (Ackers & White equation), the Milhous 
~ value predicts surface flushing and depth flushing at higher discharges than the equivalent transport 
equations for sand . The internal consistency ofMihous' approach was also tested . It was assumed 
that the ~ value of 0021 (surface flushing offines and sand) and 0.035 (depth flushing) would be 
equivalent to the discharge at which the dm"h1 and dsnh, (see Equations 8.25 and 8.26) would be 10 
mm (sand) and 2.0 mm (gravel) . Table 10.17 illustrates this relationship . It can be seen that in all 
cases, the P value predicts surface flushing and depth flushing at lower flow values than the equivalent 
flow at which motion begins for the 1.0 mm and 2.0 mm grain sizes. 
Table 10 17 also shows the relationship between the maximum competence predicted from the 
Milhous equations (dm"h' and dm •. ,sn) and the maximum competence calculated from the Yang, Ackers 
& White and Engelund & Hansen equations. It can be seen that for sites 1,2 and 3, the dm"h' predicts 
considerably lower competence than the three transport equations. However, at Site 4 the Milhous 
equations predict a higher competence maximum than the three transport equations. The comparison 
of the competence of the Osn and the maximum competence calculated from the three transport 
equations (Table 10 17) indicate the dm"sn in most cases predicts a lower competence than the three 
transport equations. It appears that the dm"sn is closer in value to the maximum competence predicted 
by the transport equations. 
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Table 10.17: Comparison of the Milhous approach to the tran.~port equation.~ approach for the 
OIifants River. 
Site 
2 
, 
4 
~ ~ d ",uhl dmn~ 
, ._ . _ ..-.--_ ... -- -
'Y 'AW 'EH ld m.,hI ld !InN 'Y 'AW 'EH 'Y ' AW ' EH 
H H H L I. L I. L I. L L 
H H H L L L L L L L L 
H H H L L L L L I. L L 
H L H L L H H L L H L 
1, = P predicts surface flushing and depth t1ushing at lower flows than the equivalent for the transport equations. where 
Y is Yang. . I\W is Ackers & White and EH is Enge1llnd & HanSl.il 
H = P prt..'rlicts surt~1ce flushing. and depth Il ushing at higher 110ws than the cquiv<tknt ror the transport cquMions. where 
Y is Yang. AW is Ackers & White and EH is F.ngdund & Hansen 
2 L = d ""hi and d ma~~ predict lower m3;..;i111\1111 competence than the equivalent for the transport equations 
H = d md>! and d m .. ~'\Il predict hight:r maximum competenct: than the equivalent for the transport equations 
Figure 10.34 provides the RBS values obtained for the Olifants River. Also shown is the ~ value 
calculated for the 0.021 (surface) and 0.035 (depth) flushing flows These values represent the flow 
class at which the ~ value is 0.021 and 0.035 respectively. The tables displaying these results are 
available in Appendix H at the back of the thesis . The RBS values indicate that the Olifants River has 
an extremely stable bed. The RBS value predicts that sites 1 and 4 become unstable at the 99.99'h 
percentile flow (i .e. the flow that is equalled or exceeded 0.0 1% of the time) . At sites 2 and 3, 
however, the flow regime does not have the capacity to create the conditions necessary for channel 
instability, i.e. the RBS values predict that even under the highest flow conditions the D .. will not be 
mobilised . 
If the values for the RBS are compared with the effective and dominant discharges, the values show 
a distinct difference. The effective and dominant discharges are well below the RBS values. It has 
already been mentioned that the transpoT1 equations generally estimated a poor relationship between 
the ~ value and the sand and gravel competent flows. 
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These results confirm the results from the three transport equations , these being that the Olifants 
River has an immobile bed and that there is unlikely to be any channel instability (based on the RES 
calculations) . However, the P index predicts that higher discharges are necessary to transport sand 
and gravel than the three transport equations and. in sympathy. predict lower competence for the 
given flow classes than the three transport equations. It has been noted earlier, however. that these 
two sediment-maintenance flushing flow methods should be used with caution . 
Figure 10.34: RBS values calculatedfor the OIifants Ril'er. The fJ value calculatellfor the 0.021 
(.~u~race) and 0.035 (depth) flushingflows. These values representtheflow c1a.~.~ at which the fJ 
I'Ulue is 0.021 anti O. O.U re.~pectively. 
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10.3.6.1 Effective discharge for sand, gravel and cobble 
The etfective discharge for sand, gravel and cobble was calculated in the same manner as for the 
Mkomazi and Mhlathuze Rivers. Figure 10.35 demonstrates that the percentage bed material 
transport for the etfective discharge tlow class is lower for sand, followed by gravel and cobble. 
Furthermore, it is only at Site 2 and 3 that the effective discharge transports cobble. The results 
indicate ditferent effective discharges and different effective discharge flow classes for sand, gravel 
and cobble (Table 10. J 8) The effective discharge for the sand class is generally lower than that for 
gravel and cobble. This is to be expected as sand transport occurs over a wider range offlow classes 
than does gravel and cobble. This technique provides a useful means of setting sediment-maintenance 
flows, as it does not rely solely on incipient motion, but includes the duration dimension. It is 
suggested that this technique is more appropriate than the Milhous or RBS approach. 
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Figure 10.35: The percentage hed material transported hy the effective dischargefor the OIifants 
River for sand, gravel and cohhlefor the Yang equation . 
ChaEter 10: Res1I1Is and disc1Ission - Ihe Mhlmh1lze and O/ifanl.\· Rivers Page 260 
Table 10.18: Effective discharge.f1ow c/as.~e.~for the Olifant.~ River for sand, gravel and cobble 
for the Yang equation. 
Site Sand Grn'el Cobble 
(flow class) (flnw class) (flow class) 
I 5-1 % 5· 1% 
-
2 5-1% 5-1% 5-\ % 
.1 1-0. 1% 1-0. 1% o. l -n.n I % 
4 I -D. l% 1-0. 1% 
-
10.3.7 Implicatiollsfor IllS/ream Flow Reqlliremell/s (TFRs) 
The results generated from the analysis of the Olifants River can be used to make recommendations 
for IFRs for the Olifants system. It is argued that the Olifants system is strongly controlled by bed 
rock and that little channel change is likely to occur. It has also been pointed out that the coarse bed 
material is mobile only under the highest flow conditions. At some sites. the armour-layer remains 
immobile even under the highest flows generated by the predicted virgin flow conditions. This 
situation is almost certainly likely to exist under the present-day regulated flow environment. This is 
despite the fact that all of the sites on the Olifants generate high unit stream power. The high unit 
stream power allows for transport of the finer portion of the bed material at lower flow classes, and 
hence the effective discharges are lower than those calculated for the Mhlathuze River. It can be 
argued that the regulated flow environment has had little impact on the channel morphology, and the 
channel maintenance flow is probably the 1 in 20 year flood which is able to mobilise the entire bed. 
The objectives of the IFR are therefore different to those stated for the Mhlathuze. The following 
flow objectives might be set: 
• to periodically remove fine sediment from the gravel and cobble substrate; 
to periodically move gravel through the coarse cobble-bed; and 
to ensure that large flood events (1 in 20 years) are allowed to move through the system to 
ensure that the subsurface material is turned over and thereby maintain a loose bed structure. 
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It is important to point out that in a system such as the Olifants, where boundary resistance to flow 
deformation is strong, morphological features such as the estimated bankfull discharge should be used 
with caution in setting IFRs. In these systems the estimated bankfull discharge is not necessarily the 
same as the effective discharge or the dominant discharge. Given this scenario, it is probably wise to 
recommend two sets of effective discharge: first, an effective discharge that achieves the first two 
objectives outlined above; and second, a ' reset' discharge, a large flood event that serves as the 
channel forming discharge. 
lOA Summary and conclusions 
The results presented have indicated that the approach that has been adopted in determining the 
magnitude and frequency of channel forming discharge and sediment-maintenance flushing flows can 
be applied in a meaningful way to regulated rivers . This section will consider the results in the light 
of the research questions posed at the beginning of the chapter. The first research question posed was 
Do the reslIlfs ohfailledfrom fhe /Wo re[(lIlated syslems add 10 fhe IIl1dersfalldill[( gailledfrom fhe 
Mkomaz() It is argued that the channel morphology and bed material transport in the Mhlathuze River 
have been considerably altered by the regulated flow environment imposed by the Goedertrouw Dam. 
This has resulted in channel narrowing and deepening immediately below the dam, and channel 
aggradation downstream of major sediment inputs from tributaries . The Olifants River on the other 
hand shows a high degree of resilience to change, probably due to the strong bed rock control of the 
channel boundary and the coarse heterogenous bed. Indeed little change is likely to occur other than 
possible further channel armouring or aggradation . Aggradation is unlikely given the high unit stream 
power generated in the Olifants system even under low flow conditions. It is probable that the 
Olifants system is supply-limited and that the coarse bed material is a reflection of this state. 
The second research question that was posed was, Whaf is fhe impacf offloll' re[(1t1afioll 0/1 fhe 
relaliollShips, alld are fhe ohserved morpholo[(ical cOllditiollS relaled fo vir[(inf/ow cOlldiliollS or 
10 fhe re[(lIlatedprese11l-tiay colldifio11S / It has been demonstrated that for the Mhlathuze, the present 
observed morphological relations are related to present-day flow conditions. It has also been 
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suggested that the Olifants system is a more resilient system, and that the observed morphological 
conditions are likely to be more permanent given the strong bed rock control in the channel perimeter. 
The third research question posed was, What lessons can he leamtfor Instream Flow Requirements 
(lFRs)? It is important to realise that fluvial systems may respond very differently to a regulated flow 
environment. Both the Mhlathuze and Olifants systems display highly variable hydrological regimes 
under virgin flow conditions (CV of 0.93 and 0.70 for the Mhlathuze and Olifants Rivers 
respectively), and yet they respond very differently to the imposed change. The Mhlathuze shows 
major geometry and bed material transport capacity changes, while the Olifants indicates very little 
adjustment. It would appearthat channel boundary conditions are of great significance in determining 
the impact offlow regulation. This must be taken into account when setting IFRs. 
The final research question was, Given the results ohtained. whatflaws should he recommended and 
why? It has been suggested that for the Mhlathuze. different flows should be recommended for the 
site immediately below the Dam, and for those sites downstream of the major tributaries. Where 
tributary inputs of discharge and sediment occur, bed mobility conditions and degree of human impact 
need to be taken into consideration. It is argued that flows should be set close to the effective 
discharge to ensure that the amount of sediment entering a channel reach is equivalent to the amount 
of sediment exiting a reach (i .e. an equilibrium state). Two sets of effective discharges were 
recommended for the Olifants system: first , the effective discharge that would ensure that fine 
material. sand and gravel would be flushed through the system thereby preventing fine material 
entering the interstitial zone. Second, that high magnitude low frequency 'reset ' flood events should 
be allowed to move through the system to ensure that bed is overturned occasionally, thereby 
maintaining the channel form. 
Chapter 11: Discussion, Synthesis and Conclusions 
1/.1 Introduction 
The title of this thesis is 'the determination of geomorphologically effective flows for selected eastern 
sea-board rivers in South Africa' . This thesis has attempted to achieve this by adding value to the 
theoretical and applied understanding of the magnitude and frequency of channel forming discharge 
for selected southern Afiican rivers. The methods developed and results achieved using the 
magnitude-frequency approach have been presented in the previous five chapters (Chapters 6 to 10) 
These were developed in the context of conventional fluvial wisdom (Chapters 2, 3 and 4). This 
chapter wi ll aim to synthesise the results within the framework of the research objectives outlined in 
Chapter 1, and to discuss their implications for river management in southern Africa, with particular 
reference to In stream Flow Requirements (IFRs) . The research products and recommendations for 
future research are also discussed . 
The objectives as outlined in Chapter 1 were : 
Objective 1: To review the literal/Ire to assess the limitations (?f .fluvial geomorphological 
knowledge in southern Africa. 
Objective 2: To lise cross-sectional data. hed material class. hydrololO', hydraulics and relevant 
hed material trallSport eq1lations In assess the relationship helWeen channelform 
and hed material transport toflow discharge for selected rivers. 
Objective 3: 7{) determine the maf<llitllde alld freqllency of chanllel formillg discharge hy 
determining the natllral hankflll! discharge with re.I7Jectto channelformforselected 
rivers. 
Objective 4: To develop a model (?f challnelforming discharge for selected rivers. 
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11.2 Objective 1- To review the literature to a.uess the limitations offluvial geomorphological 
knowledge in southern Africa. 
In Chapter 2. a discussion on the state of knowledge of southern African fluvial systems was 
presented . The review highlighted the fragmentary state of knowledge of modern channel processes 
and process-form relationships for southern African rivers. However, it revealed that there is 
generally good information at a macro-scale on the origins of many of southern Africa' s fluvial 
systems. Many southern African fluvial systems have undergone major changes in form, geographical 
position, flow and sediment load during the Gondwana and post-Gondwana era in the last 180 million 
years . This has been in response to both climate change and tectonic activity. It is evident that the past 
has left an imprint on modern channels, and this needs to be accounted for in seeking to understand 
how modem southern African fluvial systems function . This is particularly significant as regards two 
factors the nature of river long profiles, and the importance of the palaeoflood regime and climatic 
variability. 
First, it was noted that many of southern Africa ' s fluvial systems display irregular long profiles. For 
management purposes, this irregularity has made it necessary to divide fluvial systems into macro-
reaches, with each macro-reach displaying a distinct reach type and channel pattern (Rowntree & 
Wadeson. 1999). These macro-reaches are usually separated by means of major breaks in slope 
and/or geology. It is argued that these irregular profiles probably result from variable rock-type and, 
for the eastern sea-board rivers, tectonic activity during the Miocene and the Pliocene. The lack of 
a smooth profile suggests that local controls are significant, as rivers may adjust over short distances 
where the banks are easily erodible, but the whole channel will not be adjusted to its water and 
sediment discharge. Furthermore, many of southern Africa's fluvial systems are strongly or partly 
controlled by bed rock. It is therefore advanced that conventional fluvial wisdom developed from 
research on alluvial systems in temperate climates should not be directly applied to the southern 
African environment. 
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Second, research on South African palaeoflood hydrology has shown that periods of above and below 
average flooding have occurred, with concomitant changes in sedimentation patterns in the recent 
past. Long-term cycles have been shown to be related to Quaternary glacial and interglacial cycles, 
but shorter term cycles occur within stadia and inter-stadia periods (Dollar & Goudie, 2000) . 
Furthermore, it has recently been argued that discharge records from the Zambezi River reflect an 80-
year oscillation in response to the Gleissberg sun-spot cycle (McCarthy el al., 2000). These cyclical 
climate changes have significant implications for sediment storage and channel geometry. 
Zawada el al. (1996) have submitted that the current flood regime for most South African rivers is 
a recent one, having only come into existence around 1850. The significance of this is evident . If 
indeed the flow environment in South Africa is a recent one, one would expect that fluvial systems 
are still adjusting to the new flow regime. Ifthere are smaller, more frequent cycles within this record 
(for example Gleissberg cycles of80 years or the 18-year rainfall cycle which is reflected in the flow 
record) this further complicates an already complex and dynamic situation. Many South African 
fluvial systems are highly regulated systems and are therefore also adjusting to an imposed regulated 
flow regime. The implications thereof are immense, specifically in terms of channel morphology, 
sediment transport and aquatic habitat. It is within this historical template that modern southern 
African fluvial systems should be assessed . 
The review also highlighted the fragmentary nature of current knowledge of modern fluvial system 
processes. This has begun to be addressed with the advent of channel process studies which were 
initiated in southern Africa in the late 1980s and early 1990s. The paucity of information relating to 
the magnitude and frequency of the channel forming discharge has proved a severe limitation of 
modern channel studies in southern Africa. Newson (1996) notes that South African rivers cannot 
be 'made-to-fit' the models of alluvial channels of humid regions, particularly given the predominant 
combination of unpredictable droughts and a steep flood curve. This is particularly relevant to this 
discussion, as southern African fluvial systems display a highly variable hydrology. 
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It is clear from the preceding discussion that an indigenous understanding of how southern African 
fluvial systems function is of importance, as the approach taken to understanding fluvial systems has 
major implications for management. A classic example of this is the previously stated legal case in the 
United States (Gordon, 1995), where Luna B. Leopold and Stanley M. Schumm presented conflicting 
evidence regarding the water requirements of the Platte River in Colorado . Their approaches to 
assessing the river ' s water requirements differed fundamentally and therefore the methods that each 
applied and the answers that were subsequently generated were inconsistent (see Table 11 . 1). There 
is a danger that unless fluvial systems are understood in their proper context, within appropriate 
spatial and temporal time-scales, that an inadequate understanding of their physical functioning will 
be developed, resulting in the systems being poorly managed . This is of course a question of 
perspective. It is the opinion of the author that all these factors must be considered when attempting 
to understand the magnitude and frequency of channel forming discharges for southern African rivers, 
particularly when selecting or recommending a flow regime that will best 'mimic' the ' natural' flow 
regime (IFRs for example). 
Table 11.1: Summary of points made by the United States and Oppo.~ition on sediment movement 
in mountain streams (modified after Gordon, 1995). 
United States (Leopold position) 1 Opposition (Schumm position) 
Sediment supplied were of sufficient quantity to The amount of sediment supplied by the 
fill in the channels if maintenance flows were not 
provided. 
mountain streams was very small and mostly 
wash load. Only small flows , if any, were 
needed to move this sediment. 
Materials forming the stream boundaries were The stream boundaries were composed of 
able to be moved at bankfull flows or less. coarse materials which would not move at 
bankfull flow. 
The streams were hydraulically controlled, 
meaning that a unique relationship exists between 
discharge and the amount of sediment 
transported . lfflows were reduced, but sediment 
supply remained the same, then aggradation 
would occur. 
The streams were supply-limited, meanmg 
there was less sediment available than the 
streams could carry. Flows could be reduced 
and the streams would still be able to carry the 
sediment load . 
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11.3 Objective 2 - To use emu-sectional data, bed material class, hydrology, hydraulics and 
relevant bed material transport equation.~ to as.~ess the relation.~hip between channelform and 
bed material transport to.fTow dischargefor selected rivers. 
The concept of a relationship between channel form, bed material transport and flow discharge has 
been discussed at length in Chapter 3. [t is appropriate here to highlight the most salient points before 
discussing this relationship with regard to the Mkomazi. Mhlathuze and Olifants Rivers . Theories 
of channel formation and maintenance fall within two basic models . The first arises from the hydraulic 
geometry approach as applied to sand and gravel-bed alluvial rivers and has been developed by the 
' Leopold ' school of thought. It argues that ' rivers are the authors of their own geometry' . and that 
over time rivers will adjust their dimensions to convey the intermediate flows and associated 
sediments within their banks i.e. those which occurred a few times a year on average. Very large 
flows occur too infrequently and very small flows carry too little sediment to shape the active channel. 
This model considers the bankfull flow. that flow that just reaches the level of the floodplain . to be 
the channel forming discharge . This is closely coincident with the effective discharge. the flow that 
carries the most sediment over a long period oftime. Bankfull flow is thought to occur approximately 
I to 2 years on average. This first model rests on the assumption that an alluvial river can be 
considered to be in quasi-equilibrium. Over a reasonable period of time. a river in quasi-equilibrium 
will deliver the same amount of sediment downstream as is supplied to it from the upstream 
catchment. [fthis balance is upset. then the river would be in disequilibrium. and hence instability and 
channel adjustment will occur. 
The second model. the' Structural" model. is one which has been applied to bed rock or partially bed 
rock controlled rivers. to steep mountain rivers. or to dryland type rivers with a highly variable 
climate and hydrological regime. These types of rivers are not fully adjustable and are unlikely to be 
in equilibrium with the imposed flow. Their dimensions and form are often influenced by non-fluvial 
factors including bed rock. large boulders. or structural features such as faulting. The structural model 
postulates that these rivers are formed by floods much larger than the bankfull event (as suggested 
by the Leopold model) . [n the Platte River in the United States. Harvey (cited in Gordon. 1995) has 
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referred to 'courses of convenience' and ' relic channel' to describe a channel with bed material that 
is immobile under frequently occurring flows. Smaller material that is washed into streams during 
storm events can easily be transported by relatively low flows. It is argued that these streams do not 
carry a high bed material load relative to their transport capacity and are therefore supply-limited. In 
these channels no relationship exists between the dimensions of the channel perimeter and the 
frequently occurring flows, this may be because the rivers were shaped by some past event, such as 
a mega-flood or glacial action . 
River managers should be aware of these contrasting process-response models as applied to alluvial 
and non-alluvial channels. The response to flow regulation or to a change in sediment load is likely 
to differ in each channel type. In alluvial channels, any change to the flow regime is likely to result 
in channel adjustment as the system adjusts to a modified discharge . Where the flow regime is 
regulated such that the magnitude and frequency of flows are reduced, and yet sediment continues 
to enter the channel from upstream areas and tributaries, it is likely that sediment will accumulate and 
vegetation will encroach into the channel, thus creating a reduced channel capacity adjusted to the 
less frequent flood flows . This will in turn exacerbate the impact of flooding by high magnitude 
events. When high flows do pass through the impacted sites, accelerated stream channel erosion, 
deposition, lateral migration and/or avulsion may result . 
Non-alluvial channels are less likely to adjust their channel form in response to flow regulation. A 
regulated flow environment which reduces the magnitude of the annual and more frequent flood s will 
not have a major impact, as these smaller fl ows are simply not ' effective' . Channel maintenance is 
performed by large floods which are less likely to be affected by fl ow regulation. In this sense, these 
channels can be regarded as being resilient, as within threshold limits, the river is able to 
accommodate changes in the flow and sediment regime without experiencing major alterations. 
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An awareness of these two contrasting models is of critical importance to understanding and 
managing southern African fluvial systems. The above discussion begs the question, which model best 
applies to southern Afiican fluvial systems? Results from the Mkomazi River have shown that no 
relationship exists between the bankfull discharge and the hydrological regime, the effective discharge 
and the dominant discharge. However, there does appear to be good agreement between the 
inundation stage of the bench and the 0.9 year and 2.0 year return period on the partial duration 
series, and the bench and the dominant discharge and effective discharge as calculated by the Yang 
equation. The effective discharge as calculated by the three transport equations for each of the sites 
for the Mkomazi is shown to be in the 5-0.1% range on the I-day dail y flow duration curve. The 
upper two but one flow classes account for the bulk of the bed material transported (>80%). It has 
therefore been argued that no single effective discharge exists for the Mkomazi River, but rather that 
there are a range of effective discharges that are responsible for bed material transport. 
It has also been pointed out that only large floods with average return periods of around 20 years 
generate sufficient stream power and shear stress to mobilise the entire bed. These large floods 
inundate the terraces. It has therefore been suggested that, for the Mkomazi River, it may be 
instructive to think in terms of two sets of effective discharges . First, a range of discharges that 
transport the most bed material over a long period of time and approximate a ' bench-full' discharge, 
and second, a ' reset' discharge, i.e. large floods with return periods in the 20 year range that are able 
to mobilise the entire bed and serve as channel maintenance discharges for the entire bed as well as 
the macro-channel. 
The author has cautioned that it is hazardous to use morphological features such as the bankfull stage 
against which to pin the channel maintenance flood . In the case of the Mkomazi , the estimated 
bankfull discharge is not the same as the dominant discharge or the effective discharge. Discharges 
relating to the lower bench may be more significant. Thus for the Mkomazi it appears that the 
' Leopold' model is inappropriate. The Mkomazi does not ' fit' the second model either, in that the 
results show that although large floods are important in the Mkomazi (as it is these floods that are 
able to mobilise the entire bed and reset the whole channel), there are also a range of discharges in 
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the 5-0.1 % range on the I-day daily flow duration curve that are responsible for the bulk of the bed 
material transport . It is argued that this bi-polar type flood frequency curve may be responsible for 
the gross channel architecture. The macro-channel is maintained by the large flood events, and the 
active channel is maintained both by the range of effective discharges and the ' reset' discharges. 
These are the geomorphologically ' effective' flows. 
The techniques and methods that were developed for the unregulated Mkomazi River were then 
applied to two highly regulated systems, the Mhlathuze and Olifants Rivers . Results from the 
Mhlathuze River have indicated that the Goedertrouw Dam has had a considerable impact on the 
downstream channel morphology and bed material transport capacity and consequently the effective 
and dominant discharges. It has been suggested that the Mhlathuze River is now adjusting its channel 
geometry in sympathy with the regulated flow environment. Utilising the present-day flow regime, 
it was noted that there appears to be a good relationship between estimated bankfull discharge and 
dominant discharge. This is a function of the hydrological regime of the Mhlathuze which has a 
markedly skewed flood frequency curve, due to the occurrence of cut-offlow pressure systems which 
cause regular flooding in northern KwaZulu-Natal. Under the present-day regulated flow 
environment, the discharge volumes and peaks have been reduced. This has resulted in an increase 
in return period inundation levels (for example, the estimated bankfull discharge average return flow 
is 3.7 years under present-day conditions as opposed to 2.6 years for virgin flow conditions), but a 
reduction in the effective discharge with concomitant reductions in unit stream power and boundary 
shear stress. Under present-day conditions it has been demonstrated that the total bed material load 
has been reduced by up to three times, but there has also been a clear change in the way in which the 
load has been distributed around the duration curve. Under present-day conditions, over 90% of the 
total bed material load is transported by the top 5% of the flows, whereas under virgin flow 
conditions 90% of the total bed material load was transported by the top 20% of the flows . 
It appears that the Mhlathuze River fits neither the 'Leopold' nor the ' Structural' model. There 
appears to be no relationship between the estimated bankfull discharge, the dominant discharge and 
the effective discharge. The effective discharge is in excess of estimated bankfull discharge and 
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dominant discharge. The Mhlathuze does not fit the second model either, in that the river is not 
controlled or semi-controlled by bed rock, all flows are competent to transport the bed, and the 
channel perimeter is capable of freely changing its fonn in response to the imposed discharge and 
sediment regime. It is the author's opinion that this disequilibrium is probably a function of the 
regulated flow regime, but this remains untested. 
The Olifants River is steep bed rock controlled system with coarse bed material. The estimated 
bankfull discharge has an average return period of 5.8 years on the annual series, which is 
considerably higher than the conventional wisdom suggested by Leopold (1997) Furthennore, there 
appears to be no relationship between the estimated bankfull discharge and any hydrological statistic. 
The effective discharge flow class is in the 5-0.0 I % range on the I-day daily flow duration curve. The 
upper three flow classes account for over 60% of the bed material transported at each of the sites, 
while over 90% of the bed material is transported by flows that are equalled or exceeded by the 20th 
percentile flow or greater . It has also been pointed out that even the highest flows simulated for the 
Olifants River do not generate sufficient energy to mobilise the entire bed . It is useful to consider the 
Olifants River as being adapted to a highly variable bi-polar type flood regime. It is erroneous to think 
of one' effective' discharge, but rather a range of effective discharges are of significance. 
The importance of thresholds and initiation of motion in assessing the impact of flow regulation 
should not be underrated. Where coarse gravel- or cobble-bed rivers occur, even minor reductions 
in flow may be sufficient to retard bed material transport if shear stress or stream power fall below 
a critical level. Critical shear stress and stream power may not be as significant in mobile sand-bed 
channels such as the Mhlathuze, but they are highly significant in coarse-bedded channels. It is thus 
instructive to consider the significance of flow reduction not only in terms of volume and duration, 
but also in terms of magnitude. 
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11.4 O~;ective 3 - To determine the magnitude andfrequency of channelforming discharge by 
determining the natural bankfull discharge with respect to channel form for .~elected ril'ers. 
It has been demonstrated that it is erroneous to simply apply a morphological criterion such as the 
bankfull discharge as the channel forming discharge in regulated systems, or systems controlled or 
partly controlled by bed rock. It has been argued that where possible (for example in true alluvial 
systems), fluvial systems will adjust their geometry in sympathy with an imposed regulated flow 
regime. To set an IFR based on morphological criteria in these regulated systems may well have the 
effect of entrenching and accelerating morphological change. [n controlled or semi-controlled 
systems, it is likely that the resistance of the boundary to erosion overrides the significance of a 
bankfull equilibrium stage. The inset bench in the active channel is probably related to reconstruction 
following the last flood event and is therefore unlikely to be an equilibrium form . It is therefore 
argued that using morphological features on which to pin a channel maintenance flow should be 
avoided . 
11,5 Objective 4 - To develop a model of channelforming (li.~chargefor selected rivers 
It would appear from the results of research on the Mkomazi, Mhlathuze and Olifants Rivers that 
neither model of channel adjustment adequately reflects the southern African situation . There are a 
number of reasons why thi s may be so. Many of southern Africa ' s fluvial systems are bed rock or 
partially bed rock controlled and flow within confined macro-channels with an inset active channel. 
Inset within the active channel is often a channel bench (Figure 2.3) . It is argued that th is channel 
form is a response to climatic history, tectonic history and a highly variable flow regime. It is possible 
that some highveld ri vers, such as the Olifants, have an immobile coarse armour or pavement that may 
have been a response to a previously wetter climate with larger, more frequent floods . If this is the 
case then cognisance must be taken of this when setting a regulated flow regime. 
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It may be more useful to develop a third model for southern African rivers, one placed somewhere 
between the ' Leopold ' alluvial model and the ' Structural' model. This model would argue that two 
sets of effective discharges are of significance. First, a range of effective discharges in the 5-0.01 % 
flow duration class that are responsible for the bulk of the bed material transport and largely 
determine the morphological adjustment of the active channel; and second, a ' reset ' discharge, 
composed of the large floods that occur on average every 20 years or so which maintain the macro-
channel and mobilise the entire bed, thus 'resetting' the system. These two categories of effective 
discharge will have different outcomes in bed rock controlled or semi-controlled systems and alluvial 
systems. It is suggested that because of the ' resetting ' it is unlikely that the active channel will achieve 
a true equilibrium form, but that rather it is constantly being reconstructed after major events, hence 
the ubiquitous inset channel benches. 
11.6 Implications for science offlul'ial geomorphology 
The results indicate that the three rivers under consideration fall into the category of two-stage 
channels (macro-active channel) that have been discussed earlier in the thesis (see Chapter 3). 
Although these channels are more confined, their architecture suggests that they are similar to the 
rivers draining the lowveld of southern Africa (cf van Niekerk & Heritage, 1993; Rowntree & 
Wadeson, 1999), the seasonal tropics in India (cf Gupta, 1995) and those in eastern Australia (cf 
Erskine & Warner, 1998) in that there is a nested channel pattern with a clear distinction between the 
active and macro channel. 
The atmospheric conditions of these regions generates a highly varied flow pattern (seasonally and 
decadal) (cf the discussion on FDRlDDR' s in Chapter 3) and consequently the channel architecture 
is characterised by a nested two-stage channel. There is need for further research which aims to link 
form to process in these systems, and to determine the extent to which boundary resistance affects 
channel form . 
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11. 7 lmplicatinn.~fnr ril'er management 
These results have a number of implications for river management in southern AtTica. Currently, 
protection of the river resource is sought through application of the Resource Directed Measures of 
the Department of Water Affairs and Forestry, operationalised through the Ecological Reserve 
determination process. For large developments this has been achieved through defining the Instream 
Flow Requirement (IFR) ofa river using the Building Block Methodology (BBM). The BBM seeks 
to determine the flow regime required to maintain the river at some pre-determined conservation 
status (King & Louw, 1998). The BBM method is based on the concept that the stream ecosystem 
is adapted to a range of flows that are categorised into three groups. low flows, tTeshes, and floods 
(King & Louw, 1998). As mentioned earlier. Rowntree & Wades on (1999) have suggested that three 
basic problems require information for IFRs. flows that maintain the spatial and temporal availability 
of habitats, the maintenance of substratum characteristics, and the maintenance of channel form . 
Rowntree & Wadeson (1999) have developed the hydraulic biotope concept to account for the 
information needs of the first problem. The latter two information requirements can be achieved by 
utilising the magnitude-tTequency approach. These two information needs are related to the freshes 
and flood flow groups for the BBM. 
It has been suggested that the geomorphologist 's first task in the IFR assessment is to estimate the 
range offlows necessary to maintain channel form and to predict the morphological changes that are 
likely to occur (cf Rowntree & Wadeson, 1997). This ' channel maintenance ' flow has been difficult 
to predict, as no information has been forthcoming in southern African. In the past, common practice 
has been to apply the alluvial model, defining the channel forming discharge as that which equates to 
the bankfull level , often taken as the bench where this is clearly the most active feature . It is argued 
that data can be generated to satisfy this information requirement by applying the technique whereby 
the relationship between effective discharge, dominant di scharge and channel morphol ogy is 
determined. For the Mkomazi River, for example morphological adjustment will occur unless flows 
are recommended that are able to transport the same amount of material exiting a reach as that 
entering the reach . The most effective range of flows are in the 5-0 .1 % range. This implies a 
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magnitude as well as a duration. It is also argued that it is necessary for large floods to be allowed 
to move through the system as a 'reset' discharge, for the reasons mentioned above. 
The second way in which this research contributes to southern African river management is through 
identifying the range of flows that are necessary for the maintenance of substratum characteristics. 
This information requirement is closely linked to the maintenance of channel form, and the two are 
difficult to separate. However, in this thesis the maintenance of substratum characteristics refers to 
the seasonal flushing of finer sediments from the bed. A number of methods have been tested for the 
V1komazi, Mhlathuze and Olifants Rivers . It was been shown that the use of these methods in 
i, llation can generate meaningless results, as they have often been developed for one channel type 
(ailivial for example) and thus cannot be applied to other channel types (gravel or cobble-bed for 
exan 'ple) . It is important that these methods are used circumspectly, and that each method is used in 
rivers imilar to those from whence they are derived. 
1/, 7. 1 J< !ethodological isslles 
A number of considerations arise from the methods used for this research. These relate to the nature 
of the bed material transport equations used, to the determination of sediment-maintenance flushing 
flows, to the relevance of using the dominant discharge and effective discharge approach, and to the 
significance of morphological features . Each of these will be addressed in turn. 
For the purposes of this research, three bed material transport equations were used. The rationale 
behind choosing them has been discussed in Chapter 8. It must be re-emphasised that these equations 
should be only be used in the physical environment (ie. channel type) for which they were developed. 
The Engelund & Hansen model , for example, is unsuitable for anything other than sand-bed rivers. 
The data requirements to run these models are fairly intensive and costly to procure, and the 
computation procedures are long. The equations all generate different absolute values, but often show 
similar trends . It is recommended that attention is paid to these trends rather than assigning precision 
to the results. It was pointed out in Chapters 4 and 8 that a number of assumptions need to be made 
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when using these equations. The scientist must be aware of the limitations of the models. It is 
recommended that either the Yang or the Ackers & White model be applied for ri vers which have a 
coarse gravel-bed. For alluvial sand-bed rivers, it is possible to apply either the Yang or the Engelund 
& Hansen model. It may be possible at some further stage to calibrate these equations for selected 
southern African rivers, but this requires measured bed load data which does not exist at present. 
The second important consideration is that the methods used for determining sediment-maintenance 
flushing flows should be used with extreme caution . The Milhous and RBS approaches were 
developed for individual rivers, thus limiting their extrapolation potential. It is recommended that the 
sediment-maintenance flushing flows are calculated using the effective discharges for different grain-
sized classes using the bed material transport equations. This is recommended for two reasons . First, 
they were developed from a broader data set, and second, the flushing flows for diffe"rent grain-sized 
classes account for incipient motion as well as duration. 
The third point of discussion is the relevance of the dominant discharge and effective discharge 
approach. It is argued that the effective discharge provides a very useful approach to identitying those 
flows which are significant for particular channel types . The dominant discharge of Marlette & 
Walker (1968) is computed from the flow classes, and although it provides a useful average discharge 
that transports 50% of the bed material, it does not account for the fact that there are a range of flows 
that can be considered to be effective Therefore it can be argued that the effective discharge 
approach which considers the effect of each flow class separately is perhaps more appropriate. The 
use of the cumulative curves for displaying the flow range over which most bed material is moved is 
particularly effective in this regard . 
The fourth consideration is the significance of morphological features . One of the limitations of the 
thesis was correctly identitying the in-channel morphological features . Of particular significance is 
the refinement of the definition of in-channel features in an objective way and then to associate them 
with flow and process. Of great importance is the correct identification of the bankfull discharge and 
the ' bench-fuIr discharge. With more data it may be possible to relate particular features to salient 
channel characteristics (degree of bed rock influence, channel gradient etc) both within a river and 
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between rivers. In regulated systems, or in systems recovering from a major reset event, the bench 
is probably the new bankfull stage. Active channel incision or widening may result in an exaggerated 
estimate of the bankfull event. It is thus evident that the discharge related significance of 
morphological features identified in the field is often unclear. It is recommended that, in setting IFRs, 
a combination of an interpretation of the morphological features present and calculation of the 
effective discharge is used. This provides a useful means of identifYing whether the river under 
consideration has in fact adjusted its geometry in sympathy with the regulated flow. Flow objectives 
can then be set depending on whether restoration to the ' natural state' is required, or whether 
maintaining the status quo is acceptable. 
1 J. 8 Research produch and recommendations for future research 
Two major products have been developed during this research . The first is a set of methods and 
techniques that have been developed and tested to identifY the range of flows necessary to maintain 
channel form and equilibrium for selected southern African rivers. The second product is that 
geomorphologists now have a better understanding of the range offlows that maintain channel form 
for southern African rivers. It was argued earlier that a major problem in river management is an 
inadequate understanding of the role of bed material transport in rivers. This research has gone some 
way to answering a number of questions . It has, however, also highlighted others. 
There are a number of ways in which this research can be carried forward . First, the method has been 
applied successfully to three rivers that are reasonably representative of the eastern-sea board rivers. 
however, application of the method to other rivers (such as rivers in the Western Cape or more arid 
systems in the Karoo) would generate further useful information . Second, it would be helpful to 
install bed load monitoring devices, such as bed load traps. to generate base-line data. These data will 
be invaluable in the future . It may also serve to provide input data so that bed load transport models 
can be developed and/or calibrated for southern African rivers . Third, it would be useful to streamline 
the method that was developed in this thesis . While the method provides useful information. it is time 
consuming Developing a computer-based program to improve the efficiency and accessibility of the 
method is recommended. 
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11.9 Conclusion 
In conclusion. the objectives of this thesis and the extent to which they have been achieved are 
presented in Table I 1.2. 
Table 11.2: Objective.~ and achievements of the the.~i.~. 
Ohjective T Achievement 
To review rhe literature {() assess the limitations oj' Revie\\' of present state of knowledge has been 
.!Iuvial geomorphological knowledge in s01lthem achieved . 
Aj'rica. 
To use crass-sectional data. hed material class. Relationship between channel form and bed material 
hydralogy. hydraulics and relevant hed material transport is not always clear. Effective discharge. 
franspMt equarions {() assess the relationship dominant discharge and bankfull discharge are not 
hefY.·een channel form and hed material transport necessarily the same flows . Channel forming 
tof/ow discharge for selected rivers. discharge is related to a set of flows : a range of 
effective flows between 5-0.0 I % on the l-day daily 
flow duration curve: and 'reset' flows . floods with 
an average return period of around 20 years . 
To determine the magnIt1lde and .treq1lency oj' Morphological features should be used with caution 
channel f orminJ!, discharge hy derermining the in attempting to define channel forming or sediment-
nat1lral hankfid' discharge with respect to channel maintenance flushing flows. as southern African 
form for selecred nvers. rivers have been highly regu lated and bed rock 
control is strong. 
To develop a model oj' channel/orming discharge Southern African fluvial s,'stems do not fit 
for selected rivers. traditional paradigms of fluvial knowledge . 
Indigenous knowledge needs to be developed to cater 
for distinctive southern African fluvial systems. 
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TRANSPORT VALUES FOR ALL RIVERS 
Appendix F: 
Q 
Yang 
% time 
cum % 
AW 
EH 
Transport values f or all rivers 
is discharge in m\-' 
is the load calculated in tonnes per annum for the Yang equation 
is the percentage of total load calculated by the flow discharge 
is the cumulative percentage 
Page 41 2 
is the load calculated in tonnes per annum for the Ackers and White equation 
is the load calculated in tonnes per annum for the Engelund and Hansen equation 
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Table 1 Bed material load for Mkomazi Site I a 
Q I Yang I °0 time cum °0 I .~W I ~n time cum 00 I EH °0 time cum ~o 
0.015 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 
0.246 0.00 0.00 0.00 0.00 0.00 o,no O.no 0.00 0.00 
0.355 0.00 0.00 0.00 0.00 0.00 O.no 3.09 0.01 0.01 
0.4RO o,no 0.00 O.no o,no 0.00 0.00 6.05 0.02 0.02 
0.655 0.00 0.00 0.00 O.on 0.00 0.00 15.90 0.04 0.06 
0.926 0.00 o.on 0.00 0.00 0.00 0,00 41.49 0.10 0.17 
1.391 0.00 0.00 o.no 0.00 0.00 0.00 111.9:'1 0.28 0.45 
2.230 0.00 0.00 0.00 . o.no 0.00 0.00 301':.78 0.77 1.22 
3.991 70.86 1.08 1.0R 0.00 O.DO 0.00 1324.21 3.31 4.52 
7.181 282.59 4.31 5.39 0.00 O,no o.on 269439 6.73 11.25 
13.467 11':26.96 27.86 :n.25 4KD 20 .1 :I 20.13 9989.27 24.94 36.19 
30.]67 3092.50 47.15 80.40 102.21 42.67 62 .80 15972.51 39.88 76.07 
69.606 1285.47 19.60 100.00 89.11 37.20 100.00 9584.86 23.93 100,00 
Sum 1 6551L17 
1 
100.001 
1 219.
56 1 100001 1 
40052.491 10000
1 
Table 2 Bed material load for Mkomazi Site 1 b 
Q Yang I 0"0 time I cum ~ o ! A.W I f!·o time I cum n,;, I EH I notimc I cum'li) 
0.01 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.25 0 .00 0,00 0.00 0.00 O.no O.no 0.00 (J.OO 0.00 
0.35 0.00 0.00 0.00 0.00 0.00 0.00 3.34 0.01 0.01 
O.4R 0.00 0.00 0.00 0.00 0.00 0.00 6.52 0.02 0.02 
0.66 0.00 0.00 0.00 n.on o.on 0.00 15.Rl 0.04 0.06 
0.93 0.00 0.00 0.00 0.00 0.00 0.00 41.43 0.10 0.16 
1.39 0.00 0.00 0.00 0.00 0.00 0.00 115.41 0.27 0.4, 
2.23 0 .00 0.00 0.00 0.00 0.00 0.00 .H4.76 0.78 1.21 
::\.99 0.00 0.00 0.00 0.00 0.00 0.00 1427.62 3.33 4.54 
7.IS 128.41 2.44 2.44 (J.on 0.00 0.00 2916.78 6.81 11.35 
13.47 1074.91 20.44 22.8R 27 .87 16.54 16.54 10782.44 25.18 36.53 
JO.37 2RIR.7J .53.59 76.46 74.55 44.24 60.78 16774/J1 39.16 75.69 
69.61 1237.93 23.54 ]00.00 66.09 39.22 100.00 10411.84 24.31 100.00 
Sum j5259.96 I 100.00 I J 16R.511 100.00 I I 42829.95J 100.001 
Table 3 Bed material load for Mkomazi Site 1 c 
Q I Yang I "otim.:: I clim °0 I ,\ \\' I °otime I cum On I Ell I ""tim.:: ,-"Urn 0' 0 
(1.015 0.00 0.00 0.00 0.00 0.00 (J.oo 0.00 0.00 0.00 
(J, 246 0.00 0.00 0.00 0.00 0.00 0.00 ().OD 0.00 0.00 
0.355 0.00 0.00 0.00 0.00 0.00 0.00 1.87 0.01 0.01 
OARO 0.00 0.00 0.00 0.00 0.00 0.00 5Jt5 0 .02 0.03 
O.M5 0.00 0.00 n.on 0.00 0.00 0.00 14.22 0.05 O,(H;: 
0.926 0.00 0.00 0.00 0,00 (l.OO 0.00 ~6.R1 0.14 0.22 
1.191 0.00 0.00 0.00 0.00 n.oo 0.00 102.57 0.39 0.62 
2.2:10 0.00 0.00 0.00 fl.OD 0.00 0.00 295.01 1.1:1 1.74 
, .99 1 2R.9\ 1.11 1.:11 (J.OO 0.00 0.00 1261.R7 4.82 6.56 
7. 1Rl \54.12 7.0\ R'>l 0.00 0.00 0.00 2557.65 9 .77 163:1 
1.1. 467 220. 2~ 10.02 lR34 n.on D.D{J {J.on 7617.27 29JJ9 45.42 
30 .:167 1053.91 47.9.1 66.2R 1l'!.9J 43.99 4:1.90 10019.06 .18.26 R3.6~ 
69.60(-, 741.49 nn 100.00 24.08 56.0 1 100.00 427J.9~ 16.32 100.00 
um F ln.7O I 100.00 I I 42.991 100,00 I I 261R6.1 1 I 100.0°1 
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Table 4 Bed material load for Mkomazi Site 2a 
Q ' '"ang I ° '0 time I l,."Um'?n I AW I n,o time cum lin I EH Q'otime L l,.."Unl °0 
0.02.5 0.00 0.00 0.00 o.on 0.00 0.00 0.00 0.00 0.00 
0.424 O.O(J 0.00 0 .00 0.00 0.00 0.00 2.31 0.01 0.01 
0.613 0.00 0.00 o.on 0.00 o.on 0.00 ]0.79 0.06 0.07 
0.830 0.00 0.00 o.on 0.00 o,no 0.00 19.27 0.10 0.17 
I. 1:'2 0.00 0.00 0.00 0.00 0.00 0.00 34.61 O.IR 0.36 
1.599 0.00 0,00 0.00 0.00 0,00 0.00 72.07 O.:H: 0.74 
2.402 0.00 0.00 0,00 0.00 0.00 0.00 164.82 O.RR 1.62 
3.R52 0.00 O.DO 0.00 0.00 0.00 0.00 425.16 2.27 H9 
6.893 165.34 2.46 2.46 0.00 0.00 0.00 1261.27 6.74 10.63 
12.404 67239 10.01 12.47 0.00 0.00 0.00 1 R79.27 10.04 20.67 
23.643 2473.m 36.82 49.29 61.54 11.56 11.56 555K05 29.68 50.35 
54. 193 2475.66 36.86 86.15 225.69 42.4 1 53.98 6446.16 34.43 84.78 
124.217 930.02 IH5 100.00 244.92 46.02 100.00 2&50.43 15.22 100.00 
!'illm I 6716.44 1 100.00 1 1 5]2.16 1 100.00 1 11R724.22 1 100.00 1 
Table 5 Bed material load for Mkomazi Site 2b 
Q 'Yang I O'otimc I cum n·,o I :\w I 0'0 time I cum ~o I EH I o'olimc I cum ~'o 
0.025 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 O.fJO 
0.42' 0.00 0.00 0.00 0.00 0.00 0.00 2.2R 0.01 0.01 
0.613 0.00 0.00 0.00 0.00 0.00 0.00 10.75 0.06 0.07 
O.KHJ 0.00 0.00 0.00 0.00 0.00 0.00 19.34 0 .10 0.17 
1. 02 0.00 0.00 0 .00 0 .00 0.00 0.00 35.2' 0.19 · 0.36 
1.599 0.00 0.00 0.00 0.00 D.OO 0.00 74.\5 0040 0.76 
2.402 0.00 0.00 0.00 (J.OO O.O{) 0.00 17Un 0.92 1.6R 
U<:S2 0.00 0.00 0.00 0.00 0.00 0.00 447.1;:0 2.40 4.09 
6.&93 \70.75 2.34 2.34 0.00 0 .00 0.00 ])37.59 7.1S 11.27 
12.404 764 . .53 10.46 12.RO 0.00 0.00 0.00 1976.2R 10.6 \ 21.RR 
23 .643 2675.76 36.62 49.42 RO.15 10.65 , D.()) 5510.6R 29.59 51.4R 
54.193 2653.75 36.12 85.74 329.76 43.RO 54.45 6159.52 nOR 84.55 
124.217 1042. 11 14.26 100.00 342.94 45.55 100.00 2R76.RR 15.45 100.00 
lim F306.91 1 100.001 1 752.R5 1 100001 I IR622321 10000 1 
Table 6 Bed material load for Mkomazi Site 2c 
Q Yang I °otimc I ":lImO·o I AW I °otime I ~Llm 00 I Ell I 0'0 time I cum °0 
0.025 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.424 0,00 0.00 0.00 0.00 0.00 0.00 1.97 O.oJ 0.01 
0.611 0.00 0 .00 D.OO 0 .00 0.00 0.00 4.09 0.02 0.04 
0.1;;10 0,00 0.00 0.00 n.on 0.00 0.00 17.51 0.10 0.14 
1. 132 0.00 0.00 0.00 0.00 0.00 0.00 31.14 (J.l R 032 
1.599 0.00 0.00 0 .00 0.00 (l.OO n.on 66.19 0.39 0.71 
2.402 0.00 0.00 0.00 {J.on (l.OO 0.00 155.62 0.9 1 1.62 
:tg52 0.00 0.00 o.on 0.00 0.00 0.00 470.19 2.76 4.39 
6.R91 0.00 0.00 n.on 0.00 n.oo 0.00 125K2~ 7.39 11 . 7~ 
12.40. 0.00 0.00 0.00 D.OO O.()O n.oo 1866.1 7 10.97 22.75 
23.64.1 1355.44 ~6.19 36.19 0.00 D.OO o.on 5~9RR:1 :11 , 7~ 54.47 
54.193 1754.01 46JD R:1.02 .14,42 .12.52 ~2.52 5596.4~ 3H9 R7.~6 
124.217 636.11 16.9g 100.00 71,41 67. 48 100.00 2150.76 12.64 100.00 
~Ilm 
1 
1745.57 
1 
100.00 
1 1 
105.R3 
1 
100.00 
1 I J70J7.D 1 100.00 1 
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Table 7 Bed material load for Mkomazi Site 3a 
Q L Yang I O 'otim~ cum no I .J"W I lin time cum °' 11 I EH 0" tim&:: I cum °0 
0.044 0.00 0.00 0.00 O.DO 0,00 0.00 0.00 0.00 0.00 
1.250 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
LS07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.445 0.00 0.00 0.00 0.00 0.00 0.00 1.1.42 0.01 0.01 
~.3J6 0.00 0.00 0.00 0,00 0.00 0.00 24.75 O.OJ 0.04 
4.713 0.00 0.00 0.00 0.00 0.00 0.00 66.61 0.07 0.11 
7.079 0.00 0 .00 0.00 0.00 0.00 O.no 2:\2.91 0.25 0.36 
11353 127.70 0.49 0.49 0.00 0.00 0.00 73R.J4 0.80 1.16 
20.318 882.99 3.42 3.92 0.00 0.00 0,00 3256.53 ].52 4.68 
36.559 254U8 9.1':6 13.77 167.:n 6.97 6.97 7357.93 7.95 12.63 
68 . .557 &277.66 :n.OS 45.85 763.95 J 1.8 1 38.77 26978.21 29.15 41.79 
146.698 10465.64 40 .56 86.41 902.49 37.57 76.35 37595.00 40.63 82.41 
307.136 3506.6R 13.59 100.00 56R 12 23.65 100.00 16277.06 17.59 100.00 
~l11l1 L 25804.54 I 100.00 I I 240\.94 I 100.00 I I 92540.58 I 100.00 I 
Table 8 Bed material load for Mkomazi Site 3b 
Q I Yang I O~l1imc I cum °0 I AW I °0 time I cum 110 I EH I O,otlm<.': I cum °0 
0.044 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 
1.250 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 
1.807 0.00 0.00 0.00 0.00 0.00 0.00 6.M 0.01 0.01 
2.445 0.00 0.00 0,00 0.00 0,00 0,00 16 .RS 0.02 0 .03 
J336 0.00 0,00 O.no 0.00 0.00 (1.00 29.25 0.04 0.06 
4.713 26.57 0.06 0,06 0.00 0.00 0,00 88.01 0.11 0.17 
7.079 115.14 0.28 0,:,\4 0.00 0.00 0.00 217.66 0.27 0.44 
11.353 .545.12 132 1.66 76.36 0.86 0.86 666.19 (J.82 1.26 
2(U18 2~86 .56 6.02 7.68 406.77 4.5R 5.44 2929.9 1 3.59 4.84 
36.559 5076.52 12.29 19.97 934.:n 10.53 15.97 6447.59 7.90 12.74 
68.557 14632.3 I 35.41 55.38 28\7.44 31.74 47.71 22997.90 28.17 40.92 
146.698 13949.56 :n.76 89.14 :'\289.50 :n.06 84.76 32858.62 40.25 81.17 
.107. 136 4487.15 10.86 100.00 D52.53 15.24 100.00 15371.79 lU3 100.00 
~UI1l I 41318.92 I 100.00 I I 8876.97 I 100.00 I I 8163(J.65 I 100.00 I 
Table 9 Bed material load for Mkomazi Site 3c 
Q I Yan~ I n/)tim~ J L"111n 0:-0 AW J °lltiml! L-um 0<) 1 EH I "0 time I ,,:um no 
0.044 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1.250 0.00 0.00 0.00 0,00 n,oo 0,00 0.00 0.00 0.00 
IJW7 0.00 0.00 0.00 0,00 O,{)O OJJO n.oo 0.00 0 .00 
2.445 0.00 0.00 O.O(J 0.00 0.00 0.00 11.65 0.01 (J.(J 1 
3.3.16 0.00 O.O(J 0.00 0.00 0.00 0.00 21.51 0 .02 OJJ4 
4.711 0.00 0.00 0.00 0 .00 (J ,OO 0.00 57.R3 0.£)6 0. 10 
7.079 0.00 0.00 0.00 0.00 0.00 0.00 204.07 0 .13 o.:n 
11.35:; ·Hi.26 0.20 0.20 0.00 fl.OO 0,00 793.99 0.89 1.21 
20318 530.:n 2.16 L,5 0.00 0.00 0.00 29RU: 3 . .13 4.54 
36.559 1902.U: 7.7:' 10.08 102.99 5.02 5.02 679:\.92 7.58 12.12 
6&.557 l':S78 .97 :14.&6 44.94 .505.53 24.63 29 .64 25404.66 28.33 40.45 
146.69:;: 9965 .87 40.49 &5.-+4 84&.1 to: 41.12 70.97 366JO.51 40.85 RI .29 
.107.D6 35R4.04 14.56 100.00 595.99 29.03 100.00 16778.42 18.71 100.00 
um F461O.19 I 100.00 I I 2052.69 1 10000 I I 89680.471 100.001 
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Table 10 Bed material load for Mkomazi Site 4a 
Yan Dntimo! cum 0-0 AW O'otim~ l."Um 0Q EH 00 time cum ~D 
0.079 0.00 0.00 0.00 0.00 0.00 0.00 0.93 0.00 0.00 
l.J17 0.00 0.00 0.00 0,00 0.00 0.00 201.62 0.03 0.03 
1.904 0.00 0.00 0.00 0.00 0.00 0.00 402.IR 0.Q7 0. 10 
2 . .576 II.4R 0.0 1 0.01 0.00 0.00 0.00 70338 0. 12 0.22 
3.515 4R.23 0.05 0.07 0.00 0.00 0.00 1252.40 0.21 0.43 
4.966 13US 0.15 0.22 0.00 0.00 0,00 2503.92 0.42 0.R6 
7.458 5SH7 0.6\ 0.R3 39.93 0.35 0.35 6094.55 1.03 U9 
11.961 2027.79 2.25 3.09 lJR.65 1.23 1.5R 155 14.96 2.63 4.52 
21.406 7961.R7 R.R4 11.93 763.35 6.75 R.D 49012.9) R . .10 12.R2 
3R.S IR 14054.23 15.61 27.S4 1516.01 D.41 21.74 R4219.75 14. 26 27.08 
72.230 37245.30 4l.J7 6&.92 48.14 . .57 42 .76 64.50 24934K49 42.23 69.31 
IS4.5S7 18846.13 20.94 R9. RS 1875.69 \6.!\9 81.1 0 104019.06 17.62 R6.93 
323.5R9 9134.0S 100.00 2137.17 IR.90 100.00 77181.26 lJ .07 100.00 
lIum 
Table 11 Bed material load for Mkomazi Site 4b 
Q "fan 0 '0 t im&:: cum O'n :\W natimc cum '}'O F.H 11.0 t ime ,-"Um O'Q 
0.079 0.00 0.00 0.00 0.00 0.00 0.00 0.94 0.00 0.00 
l.J17 0.00 0.00 0.00 0.00 0 .00 0.00 279 ,12 0.04 0 ,04 
1.904 19.24 0.01 0.01 0.00 0.00 0,00 574.14 O.OR 0.11 
2.576 56.41 0.04 0.06 0,00 0.00 n,oo lO:W.34 0.14 0.25 
3.51 5 14R.JR 0.11 0.16 1:U6 0.0; O.O ~ IRSK64 0.25 0.49 
4.966 475. 93 0.:15 0.51 3R.51 0.14 0.19 3373.2 1 0 .44 0.94 
7.458 1:17R.06 1.01 1.52 147.24 0.5.' 0.72 7444.89 0.9R 1.92 
11.961 3989.00 2.92 4.44 512.04 1.84 2.56 17084.83 2.25 4. 17 
21.406 12295.99 9.00 13.45 1909.R2 6.R7 9.43 5R6U.95 7.7.1 11.90 
38.518 I 990R.59 14.5R 2R.02 :lIR9.60 11.47 20.R9 921RO.73 12. I S 24.05 
72.230 49763.12 )6.44 64.46 96 26.04 34.61 55.51 260893.2R 34.4 0 5R.45 
154.557 37572.I R 27.51 91.97 9176. 26 :n.OO 8R.50 229211.56 30.22 8R.67 
323.5R9 1096H2 R.03 100.00 ) 197.09 11.50 100.00 R5943 .R7 100.00 
!ru.m 
Table 12 Bed material load for Mkomazi Site Sa 
Q I Yang I °o tim~ I ~U1l1 '!o I :\\\' I nntiml! I ~um nn I EH I nntim~ I ~tlm 0'0 
0.U3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
2.211 0 .00 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 
3.195 0 .00 o.on 0.00 0.00 D.OO (j.on 0.00 0 .00 OJ.Kl 
4.322 0.00 0.00 0.00 CWO 0.00 0.00 312.92 0 .01 0.0 1 
5.898 34.24 0.0 1 0.0 1 0.00 0.00 0.00 R25.57 0 .03 0.04 
R.J)2 150.44 0.03 0.04 )R.J9 0.01 OJJl 2289.73 0.07 0.1 1 
12.5 15 576.2R 0. 1.1 0.17 170.17 0.05 OJJ6 6758.11': 0. 22 (J.33 
20.07 1 252R74 0.57 0.74 900.93 0.26 0.32 21734.21 0.69 1.02 
35.9 19 15W5.41 .1.:\9 4.1.1 6022.1R 1.7.1 2.05 J 02442 .49 .1.27 4.29 
64.631 4 161':6.27 9.37. 13.50 1734!\ .OO 4.9R 7.0:1 226 153.43 7.23 t 1.52 
13 L92() 16200K2R 3().40 49.90 97513.79 2R.OO 35.03 974021.57 31.12 42 .64 
29L2R4 I77R50.~5 39.96 89.R5 167476.42 48.10 R3 . \3 1444988.40 46.16 RR.80 
503.130 45165 .. \2 10.15 100.00 .5R7JR JJ8 16.R7 JOO.OO 350597.73 11.20 100.00 
!iU11l I 445105.421 100001_ . J 34R20496 l lOO~O~ 1 .J 31.10124.2) I 100.001 
-
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Table 13 Bed material load for Mkomazi Site Sb 
Yan~ I)otim~ I cum O_"!I :l,W I % tim.:: I 1"."U1ll nn I EH I 0 0 time I cum C!o 
0.0.1 0.00 0.00 0.00 0.00 0.00 0 ,00 0.00 0.00 0.00 
2.211 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3. 195 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4.322 0,00 0.00 0.00 0.00 0.00 0.00 27137 0,01 0.0 1 
H98 33J~5 0.01 0.01 0.00 0.00 0.00 nun 0.03 0.04 
8.332 139.59 0.04 0.05 35 . .14 0 ,02 0.02 2070.46 O,OR 0.11 
12.5 15 516.73 0.14 0.19 14R.15 0.06 O.OR 6018.00 0.22 0.33 
20,071 2166.53 0.60 O.RO 739 .22 0.32 0.40 19324.84 0.70 1.03 
35.9 19 121 91. 27 3.40 4.20 44R2.94 1.92 2.32 90178.17 3.27 4.3 1 
64.631 32797.Rl 9.1 5 LU" 12417.00 5 . .12 7.64 199204.71 7.23 11.54 
131.926 131316.40 36.63 49.97 66857.51 28.64 36.28 1158990.63 31. 1 R 42.72 
291.284 143270.38 39.96 89.93 109780.34 47.03 83.31 1277291.98 46.37 89.09 
503.130 36107.09 10.07 100.00 38955.45 16.69 100.00 30064758 10.91 100.00 
lim 158539.65 I 100.001 1 m415.95 I 100.00 I 12754749.551 100.001 
Table 14 Bed material load for Mkomazi Site 6a 
Q I )"ans I 0 '0 time I cum"" I AW I "" time _L r..."Um"lI _L EH I bo timc I cum C!o 
0.136 0.00 0.00 0.00 0.00 0 .00 0.00 0,00 0.00 0.00 
2.255 a,OO 0 .00 0.00 0.00 0 .00 0.00 39.57 0.01 0.01 
3.260 0.00 0.00 0.00 0.00 0.00 0,00 91.81 0.02 0.03 
4.410 0.00 0.00 (J.OO 0.00 0.00 0.00 181.81 O.OS 0.08 
6.017 0.00 0.00 0.00 0.00 0.00 0.00 37 1.67 0.10 0. 18 
R.501 0.00 0.00 0.00 0.00 0 .00 0.00 ~oo.n 0.21 0.39 
12.767 177.34 0.17 0.17 0.00 0.00 0.00 1904.~5 0.50 0.89 
2()A76 779.3~ 0.76 0.94 0.00 0.00 0.00 5244.10 J.:n 2.26 
36.644 4725.49 4.63 S.56 27!i .93 3.11 3.11 1~1J4 .37 4.75 7.02 
6!i.931 122~5.!i9 12.01 17.60 705.60 7.94 11.05 33799.22 8.86 lH8 
134.591 40S02.41 39.66 57.26 304X.29 34.31 45.36 127232.94 33.35 49.23 
297.169 35295.56 34.57 91.83 36J~. 19 40.95 Ud2 149R07.41 39.27 88.50 
513.294 8347.75- 8.17 100.00 1215.40 13.68 100.00 43856 .55 11.50 100.00 
<tim p02113.52 I 100.001 I 8883.42 1 100.001 I 381464431 100.00 I 
Table 15 Bed material load for Mkomazi Site 6b 
Q l":m °otim~ l.. ..um~C) A\\' ~'o titT!<! ... "'Umtlo F.H o()tim.: cum 00 
0.n6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1.255 0.00 0.00 0.00 0.00 0.00 0.00 52.67 0.02 0.02 
3.260 25.66 0.02 0.02 0 .00 0.00 0 .00 122.79 0.04 0.05 
4.41 0 66 .6 1 O.OS Cl.07 0.00 0.00 0.00 202.11 0.06 0.1 2 
6.017 154J~6 0.11 0.17 18.97 O.OR 0.08 384.93 0 .12 0.24 
8.501 458.20 0.32 0.50 60.98 0.26 0.34 788.53 0.24 0048 
12.767 1160.84 run U2 199.36 0.R5 1.19 1566.12 0.48 0.96 
20.476 3972.08 HI 4.11 582.46 2.47 3.66 4736 .22 1.46 2.43 
36.644 13228.74 9.34 13047 1973.23 8 .. 18 12.(J4 15R81.51 4.91 7 .. 13 
65 .937 19144.12 13.52 26.99 2942.27 12..50 24.54 28653.45 KR; 16.18 
134.S91 50872.09 35.93 61.92 797s .n :run SK41 10695.5.42 :n .04 49 .22 
297.169 42.5gR .RR 30.0R 93.00 7533.20 ."\1 .99 90040 126953 .68 39.21 88.43 
513 .294 9912.44 100.00 2260 .28 100.00 ~74.57.R2 100.00 
um 
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Table 16 Bed material load for Mkomazi Site 6c 
0 Yang ~Qtim~ cum ~o AW I °0 tintl! cum '}" I EH 11'0 time cum ~o 
0.136 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
l .2ll 0.00 0.00 0.00 n.oo 0.00 0,00 )4.29 0.01 0.01 
H60 0.00 0.00 0.00 0.00 0.00 0.00 82.11 0.02 0.0) 
4.410 0.00 0.00 0.00 0.00 0.00 0,00 160.10 0.04 0.Q7 
6.017 0.00 0.00 0.00 O.no 0.00 0,00 DJ.32 O.OR 0.15 
8.501 0.00 0.00 0.00 0.00 0.00 0.00 733 .95 0.19 0.34 
12.767 14!U.5 0.12 0. 12 0.00 0.00 0.00 17RK46 0.45 0.79 
20.476 952.29 0.78 0.90 0.00 0.00 0.00 .549.5.72 U 9 2.18 
36.644 67R5.\.5 5.l2 6.42 )15.10 2.14 2. 14 20591.75 5.19 7.37 
65.937 14822.25 12.07 18.49 986.:n 6.71 R.8.5 36491.18 9.20 16.57 
134.591 47663.21 38.81 57.)0 4930.15 33.54 42.39 131249.23 33.61 50.18 
297.169 4258738 )4.68 91.9R 6425 .06 43.70 86.09 153003.55 3K59 RR.77 
513.294 9851.84 8.02 100.00 2044.81 13.91 100.00 44516.44 11.23 100.00 
um pmlO.70 I 100.00 I I 14701.49 / 100.00 I I 396480.1 1 I 100.001 
Table 17 Bed material load for Mkomazi Site 7a 
Q I Yang I °Il time I 1,.'1.lm ll ll AW tI 'otimc I I,.'umlll> EH I lin time cum °iJ 
0.144 0.00 o.no 0.00 0.00 0.00 0.00 0.92 0 .00 0.00 
2.389 23.56 0 .12 O.ll O.no 0.00 O.DO 164.:t~ 0.16 0.16 
:t453 57.91 0.30 0.42 0.00 0.00 0.00 298.51 0. 29 0.44 
4.672 IO.5..W 0.54 0.96 0 ,00 0,00 0.00 473 .27 0.45 0.90 
6.:\74 IR3 .2R 0.94 1.90 0.00 0 .00 0.00 R13.29 0.78 1.6R 
9.006 4RI.78 2.48 4.)8 0.00 0.00 0.00 154~.60 I.4R 3. 16 
13.526 109).92 5 .6~ 10.0 1 0.00 0.00 0.00 3201.71 3.07 6.23 
21.693 2393 .74 12.32 22.33 0 .00 0.00 D.on MR3.49 6.22 12.45 
3KR21 1469.09 7.56 29.89 0.00 0.00 0.00 10425.97 10.00 22.44 
69 .R54 2754.31 14.17 44.07 0.00 0.00 0.00 1429).84 13.71 36.15 
142.5R6 5936 .54 30 .55 74.62 0 .00 0.00 0.00 33951 .57 ~2.56 68.71 
314.822 3964.06 20.40 95 .02 0 .00 0 .00 0.00 2592).50 24.86 93.56 
543.787 967.99 4.9R 100.00 20.81 100.00 100.00 6712.24 6.44 100.00 
ll111 )19431 .57 I 100.00 I I 20.81 / 100.001 I 104286241 100.001 
Table 18 Bed material load for Mkomazi Site 7b 
Q I "\'all~ "otim~ I ~um n" :\w fin time I 1..'\.1111 nn EH no time .. "'Urn no 
0. 144 0.00 0 .00 0.00 0.00 0.00 (1.00 0.00 0.00 0.00 
2.389 0.00 D.no 0.00 o.on 0.00 0.00 124.1 (i 0.13 0.13 
3.453 0.00 0 .00 0.00 0.00 0.00 0 .00 243.36 0.26 0.39 
4.672 0.00 0.00 0.00 0.00 0.00 0.00 37KR4 0040 0.79 
6.374 0.00 0 .00 0.00 0.00 0.00 0 .00 659. 29 0.7{) 1.49 
9.006 0.00 0.00 0.00 0.00 0.00 0.00 12!W.R6 1.~6 2.R4 
13.526 159.90 2.07 2.07 O.O(J (j.on 0.00 2520.99 Vi7 5.51 
21 .693 J15.4R 4.08 6. 14 0.00 (J.on 0 .00 4472.95 ·4.73 10.24 
3R.R21 0.00 0.00 6.14 0 .00 0 .00 o.no 942K67 9.9S 20.22 
69,lt54 7:\3.64 9.48 15.62 0.00 0.0£1 0 .00 1)429.)7 14.21 34.44 
142.5S6 291 l.·l-4 37.61 53.22 D.OO 0.00 0.00 32025.17 3H9 6R3~ 314.R22 2R51. 15 36.RJ 90.05 0.00 D.OO fUlO 24432 . .1::: 25 .Rfl 94.18 
543 .787 770.09 9.95 100.00 0.00 0.00 0.00 549 .. t7~ 5.82 100.00 
rum 177~1.71 I 100.00 I I 0.001 000 I I 94490.71 1 lOCJ.OOI 
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Table 19 Bed material load for Mkomazi Site 8a 
Q I Yang I 110 time I 1,.'11mllo I .l.W I flO time I cum On I EH I °0 time I cum O'n 
O.14~ 0.00 0.00 0.00 0.00 0.00 0.00 1.~R 0.00 0.00 
2.456 0.00 0.00 0 ,00 0.00 0.00 0,00 S24.1 ~ 0 .21 0.21 
3.55 IEI 7 0 .17 0.17 0.00 0.00 0.00 1052.77 0.4] 0.64 
4JWJ 12.56.05 1.]7 1.l4 ~6.02 0.66 0 .66 31 OR.~3 1.27 1.91 
6.553 1107.46 1.21 2.75 43.72 0.34 1.00 :n:n.6\ \.J6 ].2~ 
9.25~ DB.17 2.53 5.29 131.40 1.01 2.01 6189.20 2.5] 5.~0 
13.905 4791.93 5.24 10.53 449.~2 :\.47 SAR 12~40.7~ 5.24 11.04 
22.301 1 14]7. 2 ~ 12.52 2].05 2261 .75 17.44 22.92 2~~64 .]] I I .n 22.82 
39.909 14195.38 15.54 3~.59 1646.55 12.70 35.62 3605431 14.72 :H.54 
71.813 16116.76 17.64 56.22 2~5UI 21.99 57 ,6 \ 32535.23 I.U~ 50.R2 
146.5 ~4 24545.99 26.R7 10.09 3433.05 26.47 R4.0R 61026.95 24.91 75.73 
323.649 11721.\0 12.83 95.92 1011.22 7.RO 91.~7 47016.02 19.19 94.92 
559.033 3729.44 4.0~ 100.00 1053.76 KD 100.00 12451 .23 5.0~ 100.00 
lUll f1367.n 
1 
100.001 
1 12969.
10 1 100001 1 245003.25 1 100.001 
Table 20 Bed material load for Mkomazi Site 8b 
Q Yan 11,0 time cum ~-o A.\\' 0' 0 tim!.! I.!umlln EH 110 time cum 0" 
0.15 0.00 0,00 0.00 0.00 0.00 0.00 uu~ 0.00 0.00 
2.46 0.00 0.00 0.00 0 .00 0.00 0.00 524.1:' 0.22 0. 22 
3.55 153.1 7 0.17 0.17 0,00 0.00 0,00 1052.77 0.43 0.65 
4.~0 45~.75 0.51 0.67 0.00 0.00 0.00 1756.73 0.72 1.37 
6.55 1107.46 1.22 1.90 4' .72 o.:n 0.33 3337.65 1.37 2.74 
9.26 22~3 .9R 2.52 4.41 13 1.40 0.99 1.32 6189.20 2.54 5.2~ 
13.9\ 4791.9J 5.28 9.70 449.R2 J .39 4 .71 12R40.7R 5.27 10.55 
22.30 115~3 . 27 12.77 22 .47 2261.75 17.05 21.76 28864.33 11 .85 22 .41 
39.91 14 195.3 ~ 1.5.65 38.12 1646 . .55 12.41 34.1 7 360.54.43 14.RO 37.21 
71.R 1 161 16.76 17.77 55.90 ::\236.28 24.::\9 58 .56 32535 .23 13.36 50.57 
146.5R 24545.99 27.07 lU .96 343J.O.5 25.RR R4.44 60907.35 2.5 .01 75.5R 
323.65 1172 1.10 12.92 95.R9 1011.22 7.62 92.06 47015.47 19.31 94.89 
559.03 3729.44 4. 11 100.00 10.53.76 7.94 100.00 5. 11 100.00 
t ill' 
Table 21 Bed material load for Mkomazi Site 9a 
Q Yang I 0 0 tim.:: ...... um 0'0 :\W I °ol;m.:: .::um 0 0 Ell I 0 '0 tim.: ... "'um 0" 
1.290 0.00 0.00 0.00 0.00 (J .on 10.00 72.7 1 0.00 0.00 
H14 31.53 0.0 1 0.0 1 0.00 0.00 20 .00 R55.08 0.04 0.04 
5.116 72 .0R 0.0 2 0 .03 0.00 0.00 ]0.00 1566.60 0.07 0. 12 
6.924 195.]9 0.05 O.(J~ 0.00 O.flO 40 .00 2R5R.95 O.B 0. 25 
9.579 45~ .09 0.12 0.20 ]6.10 0.04 50.00 543.5 .RI 0.25 0.5 1 
13.447 1]06.50 0.34 0.54 86.0R 0.10 59.99 11143.47 0.52 1.03 
20.02:0: 3S23.R5 1.00 1.5" 290.07 0.35 69.99 2.5177.16 1.1 R 2.21 
31.990 1511 J.()6 3.94 5.4R 1019.93 \.2] 79.99 64337.37 3 .02 5.23 
55.327 43726.13 11.40 1 6.~R 391:\.1:;: 4.72 R9.99 176960.77 R.30 D.53 
92 .6S6 53999.6~ 14.0~ 30 .96 5391.6\ 6.51 94 .99 244747.7" liAR 25.0 1 
1&6.15 1 J::l4 J IR.40 34-.97 65.93 2S223.74- 3"JJR 9R.99 69622.1 .53 ::\2.66 57.67 
42 1.3.52 11S732 .6\ 30.% 96.R9 3SR5R.R.5 46.92 99.94 R00506.74 37.55 95.22 
72 7.7S9 11923.40 3.11 100.00 5007.01 6.rn 100.on 10 1962.lB 4.7R 100.00 
fum tlR349g~2 1 100.00 I 
1 
R2~26.561 100.001 1 mlR4~.751 100.001 
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Table 22 Bed material load for Mkomazi Site 9b 
Q Yan I) 'a time cum ° '0 ...\.W ",dime I.."UJn on EH ~Qtime: cum 1\0 
1.290 0.00 0.00 0.00 0,00 0.00 0.00 72.71 0.00 0.00 
3.814 31 .53 0.01 0.01 0.00 0.00 0.00 R55.0R 0.04 0.0, 
5.1\6 72.0R 0.02 0.03 0.00 0.00 0.00 1$66.60 0 .01 0.11 
6.924 19539 0.05 O.OR 0.00 0.00 0 .00 2858.95 0 .1] 0.25 
9.579 430 .64 0.12 0.20 37.91 0.04 0.04 5099.05 0.23 0.48 
13.447 17106.50 0.36 0.56 86.08 0.10 0.14 11151.11 0 .51 0.99 
20.02R 3R23.Rl l.M 1.60 290.07 o.:n 0.47 25177.16 1.15 2.14 
31 .990 15111.16 4.14 5.74 1019.93 1.1.5 1.61 62:'19.29 2.R5 5.00 
55.327 43726.23 11.97 17.7\ 3913.1R 4.40 6.02 176961.64 KIt 13.10 
92.686 3lJ 1R.21 &.57 26. 2R 6591.53 7.42 D.43 244747.74 11.21 24.3 \ 
lM.151 134118.40 36.71 62.99 28223.74 31.75 45.18 696 198.18 31.89 56.20 
421.352 11 \304.45 30.47 93.46 36442.97 4 1.00 86.18 7507:\&.79 34.39 90.59 
727.7R9 23906.56 6.54 100.00 I 22M.n I:un 100.00 205354.R 1 9.41 100.00 
um 65344.99 100.00 RRR90.12 100.00 21R3 10 1.10 100.00 
Table 23 Bed material load for Mkomazi Site lOa 
Q I Yang 1 °0 time I cum °0 I :\W I 0' 11 time I \""um O'n I EH I °otimc I l,."Umo.lI 
1.349 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3.987 0.00 0.00 0 .00 0.00 0.00 0 .00 25.0 1 0.01 0.01 
5.349 0.00 0.00 0 .00 0.00 0.00 n.OO 44.60 o.rn 0.04 
7.23R 0.00 0 .00 0.00 0.00 D.Dn 0.00 11RR4 0.07 0.11 
10.015 0.00 0.00 0.00 0.00 0.00 0.00 240 .96 0. 14 0. 25 
14.01R 7 1.86 0.12 0. 12 0.00 0.00 0.00 469.5R 0. 27 0.52 
20 .938 314.RO 0.53 0.65 0.00 0.00 0.00 1359.56 0.79 I.JI 
:'3.444 1125.45 1.90 2 . .55 0.00 0.00 0.00 3751.16 2. 17 JAR 
57.R42 4816.25 R13 10.6R 297.4R 2.60 2.60 11047.R7 6.39 9.86 
96.S99 6855.55 11.57 22.25 (11(1.84 5.39 7.99 17579.(10 10.17 20.03 
194.392 18707.1 0 31.57 53.R2 2506. 19 21.91 29.90 63537.41 36.74 56.77 
439.509 2164R.32 36.53 90.35 5916.Q9 51.71 81.61 593R9.57 34.34 91.12 
759.150 5715.40 9.65 100.00 2104.05 18.39 100.00 15363.1l R.RR 100.00 
uon 159254.73 1 100.001 1 11440.661 100001 1 172927.6R 1 100001 
-
Table 24 Bed material load for Mkomazi Site lOb 
Q I Yang I 0., tim..: I 1..'lIn On I A\\' I fI"tim..: I ... 1111 0... I EH I °Il lim..: I cum n'/I 
1349 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3.9R7 0 .00 0.00 (J.on 0.00 0.00 0.00 26 .73 0.02 0.02 
5.3 49 0.00 0.00 0.00 0.00 0.00 0.00 47.4 5 {Un 0.04 
7.238 0.00 0.00 0.00 0.00 0.00 D.OO 11{J..58 0.07 (J.II 
10.015 57.89 n. II 0.1 1 0.00 {tOO 0.00 258.17 0.16 0. 27 
14.05F: 123.(J(, 0.24 035 0.00 0.00 0.00 537.80 0.32 0.59 
20.93R 42 .. U<:6 OJO 1.1 R 0.00 0.00 0 .00 1208.5(, 0.71 1..12 
33.444 1559.84 3.04 4.22 0.00 0.00 0.00 3968.40 239 3.72 
57.842 4889.75 9.52 13 .74 299.67 4.04 4.04 11311.06 (dn 10.54 
96.R99 6599.R:\ 12.S5 26.5R :\R4.34 5. J9 9.2) 1RlOR. 14 10.93 2 \.47 
194392 1749·UJ9 ~4.06 60.(,4 22 17.90 29.92 39.1 ~ 57D4.52 :14.4R 55.95 
439.509 161-'1.('6 3 1.43 n.cn 3294.0 1 +4.44 R3.59 574-53.1 ! 34.67 90.62 
759.1 50 4073 .57 7.93 100.00 121l.93 16.41 100.00 15547.74- 9.3R 100.00 
um 15B64.54 I 100.00 I 1 7411. R5 1 100.00 I 1 161712.2l l 100.001 
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Table 25 Bed material load for Mkomazi Site 11 
Q Yang I O"tim\! cum °0 I A\\' I nolimc cum ~n I EH n'otime c.."UmOb 
l..17R 0.00 0,00 0.00 0.00 0.00 O.no 56.42 0.01 0.01 
4.074 47.92 0,0\ 0.01 0.00 0.00 0.00 425.58 0.09 0.\0 
5.465 I72. S2 0.02 0.03 0.00 0.00 0.00 754.RI 0. 16 0.27 
7.396 4R2.97 0.07 0.10 0.00 0.00 0.00 1285.98 0.2& 0.55 
10.232 1001.97 0.14 0.23 3R.72 0,01 0.01 2334.52 0.50 1.05 
14.363 1 &&).7) 0.26 0.49 82.97 0,02 0,03 4277.02 0.92 1.97 
2U94 3714.36 0.51 1.00 lR4.91 0.04 0,06 8819.97 1.91 U& 
34. 171 8052.&7 1.11 2.11 712.45 0.15 0.21 20856.48 4.5 1 R39 
59.099 205.W.J5 2.83 4.94 )90).97 0.R 2 1.04 56570.40 12.22 20,6 1 
99.006 28058. 14 U6 ~um 964O.5J 2.03 J .07 6547S.70 14.15 )4.76 
199.1 R2 153921 .73 21.1 R 29.9R 87109.07 11U5 21.42 172656.98 :n.Jl 72.06 
45\.614 4126)9.RS 56.7R R6.76 29R2RI.7R 62.85 84. 2 7 107568.84 23.24 9531 
7&0.063 96254.04 13.24 100.00 74633.53 15.7) 100.00 21716.05 4.69 100.00 
\till j7267R9.4) 1 100001 1 4745R7.9) 1 100.00 I l 462798.75 1 100.001 
Table 26 Bed materia110ad for Mkomazi Site 12 
Q I Yang I ~'iJ time I c.."UmOo I AW I %limc ! 1 •.'u010,1'I I F.H I 'lo time l.."Unt ~o 
1.451 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
4.290 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
5.756 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0 .00 0.00 
7.7&9 0.00 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 
10.777 0.00 0.00 0.00 0 .00 0.00 0.00 0.00 0.00 0.00 
15.1 2~ 0.00 0 .00 0.00 0.00 0.00 a.oo 0.00 0.00 0.00 
22.5)1 0.00 0 .00 0.00 0.00 0.00 0.00 101.94 0. 27 0.27 
J5 .9&& 0.00 0 .00 0.00 0.00 0 .00 0.00 440.0R I.D lAO 
62 .241 527.77 HS 1.0& 0.00 a.oe) O.O{J 127().46 1.26 4.66 
104.272 1 &52.4) 10.& 1 IU9 0.00 0.00 0.00 2142.51 7.10 11.96 
209.711 65R4.29 J& .4J 52.32 0.00 0.00 0.00 11565.61 29.70 41,('i6 
475.:139 6475.50 :n.79 90 .12 227.14 51.35 5135 17004.61 43 .67 R5.34 
821.039 169).5R 9.RR 100.00 2 15.J6 4K65 100.00 570R.71 14.66 100.00 
lim f 7133.57 1 100.00 1. 1 442.70 1 100001 J )R9]5.94 1 100.001 
Table 27 Bed material load for Mkomazi Site 13 
Q )'ang 110 lime I l.."Unl "0 .. \W 11 0 time I l.."Um ll " F.Il 1 "" time I l..'Unl 00 
1.466 0.00 0.00 0.00 0.00 0.00 0.00 R.D 0.00 0.00 
4.H4 2R.4R O.OJ o.m 0.00 0.00 O.O(J 70.g6 0.03 0.03 
5.814 54.47 0 .05 0.08 0.00 0 .00 (J.on 160.16 0.D7 0.10 
7.g6& 155.24 0 .14 0.22 44.76 0 .17 0 .17 :B2.J6 0. 14 0. 24 
10.810:.5 27936 0.25 0.47 74.45 0.29 0.46 418 .g6 0.19 OA) 
15.280 60R.l1 0.55 1.0.1 14g.16 eU7 1.04 9J6.57 0.40 0.~2 
22.759 IJ&7.&~ 1.26 2.29 Jl0.10 1.20 2.24 2J54.41 1.00 I.R2 
J6.J5 2 J87:L52 :U1 5.R2 R17.6-t 1.17 5.41 5967.12 2.51 4.J5 
62.872 10906. 11 9 .94 15.76 245J.J8 9.51 14.91 16&56.29 7.14 11.49 
IOS325 148S0.24 lJ .5J 29.29 .1076.28 11.92 26J~J 29138.41 12.34 21.RJ 
211.342 3&J56.40 J-t.95 6<4.25 R660.58 J:U5 60 . J~ :B153.49 I·U)4 )7.RR 
477.941 J2 1R:<IU6 29.1J 9J.5S ~091.56 J 1.35 9 1.T:; 118BSJJ4 50.21 SR,09 
g25.5J8 7047.6R 6.42 100.00 21J1.97 !U7 100.00 2RI02. &4 11.91 100.00 
lIt11 poml.~4 1 100 001 
1 
25R iO.RR I 100.001 I 236055 .06 1 100.001 
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Table 28 Bed material load for Mhlathuze Site I pool virgin flow 
Q Yan ° 0 time cum ~o A,.W " '0 time \."Unl 0'0 EH °otimc cum 0 '0 
0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.506 17.76 0.00 0.00 1.79 0.00 0.00 1950.05 0.08 0.08 
0.856 110.02 0.03 0.04 12.36 0.02 0.02 5092 .17 0.20 0.28 
1.280 391.96 0.11 0.15 ]7.17 0,05 0.07 10450.26 0.42 0.70 
1.787 1367.43 0.]8 0.53 109.15 0.16 0.23 19]52.68 0.77 1.47 
2.:,99 2911.5 1 0.81 1.34 252.66 0.37 0.60 32435 .75 1.29 2.76 
3. 2S~ 5001.40 1.40 2.7] 559.69 0.81 1.41 27050.07 1.08 3.84 
4.6 13 11451.27 3. 19 5.93 1279.9 1 U!S ] .26 56]]9.5] 2.2l 6.09 
7.604 23990.04 6.69 12.62 2922 .63 4.23 7.l0 103998. 42 4.1l 10.23 
lJA16 2]294 .. 12 6. 50 19.12 2724.77 3.95 11.45 109045.36 4.]l 14.58 
29.942 54012. 15 l l .07 ]4.19 5176.98 7.50 18.9l 326491 .31 lJ .02 27.60 
145.270 87904.12 24.53 5K72 SR67.3! 12.85 31.79 684249 .86 27.28 l4.88 
1020,298 147962.01 41.28 100.00 47078.04 68.21 100.00 1131678.08 45.12 100,00 
m £5~~IJ98 
Table 29 Bed material load for Mhlathuze Site I pool present-day flow 
Q I Yang I On time I cum 0'0 I .-\w I fI'olimt! I cum 0 '0 I EH I 0 '0 time I cum °"0 
0 ,000 0.00 0.00 0,00 0.00 0.00 a.oo 0.00 0 ,00 0.00 
0.311 2.4. 0.00 0 .00 0.00 0.00 0.00 803.H) 0.10 0,10 
0.374 4.]] 0.00 0.01 0.00 0.00 0.00 1 IJ8,21 0 ,1' 0.23 
0.440 8.]8 0,0 1 0,01 0.00 0.00 0.00 1549.64 O. U~ 0.42 
O. SI S 19.86 0.02 0.03 1.88 0.01 ftO I 2027.1 3 0,24 0.66 
0.597 36. 2~ 0.03 0.07 2 . ~.5 0.02 0.03 2670.66 0,]2 0.98 
0 .696 61.2~ 0,06 0, 12 6 . ~0 D.O' O.OS 3.561.47 0.42 1.40 
O.~J7 104,12 0. 10 0.22 11 .64 O.OR 0.1; 4894.9~ , 0 ,l8 1.98 
t .21S 296.54 0.27 0.49 n .so 0.21 O .. 17 9769.86 1.17 .1.15 
2.591 1713.23 l.l8 2.07 154.28 J.rll l.:n 18082.88 2,16 5.] 1 
10.046 13719.03 12.67 14.75 lJ7J.22 8.97 10.]5 79078.60 9 .43 14,7. 
69.3.54 35992 .90 3:1.24 47.99 3617.6S 23 .64 3:\.98 236924 .76 28 .25 42.99 
595.12] .56316.31 52,0 1 100.00 10 10],8] 66.02 100,00 47809],6 1 57.0 1 100.00 
UIll POS274,69 I 10000 1 
I 
15304.991 100.00 I I 8]8l94.89I 100.00 1 . 
Table 30 Bed material load for Mhlathuze Site I riffle virgin flow 
Q Yang I 00 tim~ I cum °0 ..\W I!." tim~ cum "lI EH IIl1tim~ I !"'Um no 
O.f)()O 0 .00 0.00 0,00 0,00 0.00 0.00 0.00 D.nO 0.00 
0.506 1001 0 .7S 0.6 1 0 .61 2517.57 0.45 0.45 730.56.27 0 .09 0.09 
OJ!56 18;13.m~ 1.13 1.75 4682.38 OJO 1.28 177756.93 0 .23 0,]2 
1.2RO 3006K79 1.S4 3.59 7811.75 1.39 2.l1~ 354106.30 0.45 0.77 
1.787 4.5156.84 2.76 6.35 12175.48 2.17 4.8.5 61982&.20 0 .79 l.55 
2.399 64460.65 3.95 10.30 J~MO. 8R 3.22 R.07 100827:1.49 1.28 2.R4 
],2l8 7158K66 4J8 14.68 2(,7665' 4.77 12.8 ... 1642917.38 2 ,()9 4.92 
4.613 134369.62 8.22 22,90 40111.89 7.15 19.99 2856622.58 3.63 K55 
7.604 224677.m: 13.75 36.6.5 69088.75 12.:n 32.3\ 6249390.lt, 7.9] 16.48 
13A16 20.573 1.22 12.59 49 .24 67738.75 12.08 44.39 7325646.85 9.30 25 .78 
29.942 350426.62 2 1.45 70.69 120829.37 21.55 65.94 19876611.0 1 25 .24 51.02 
145.270 ?60 16J.71 22.04 92.73 \51 117.34 26.95 92.88 24420290.66 ] 1.00 82.02 
1020.298 11 8726.01 7,27 100.00 39919.49 7. 12 100.00 14159110.90 17.98 100.00 
um P6JJ89]07 I 100.001 1560810,19 1 100.00 I r876~611 . 4JI 100,00 I 
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Table 31 Bed materialload for Mhlathuze Site 1 riffle present-day flow 
Q 'fan 0'0 tim~ l,."l.Inl ~'" A.W ""lime !""Um ° '11 EH '"time ... -Unlll'a 
o.ono 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.311 .59\4.14 1.50 UO 1562.2& 1.l2 1.l2 3J55!.R2 0.17 0.17 
0.374 1240.96 UB J.:n 190339 UI5 B7 43&90.4& 0.2 2 0.38 
0.440 8516.69 2. 15 5.48 2188.42 2.B 5.50 57·UO.IS 0 .29 0.67 
0.515 1016R.5 1 2.57 KOG 2604.32 2.54 8.04 75\ 82.05 0.37 1.04 
0.597 11960.04 .1 .03 11 .08 3030.:\5 2.95 10.99 98240.43 0.49 1.l3 
0,696 14350.92 .1.63 14.7\ .1645.83 :U5 14.54 1277SKR2 0 .63 2.1 6 
0.837 17960.14 4.54 19.26 462:t7\ 4.50 19.04 \7116 2.12 0.85 :l.Ol 
1.215 2Rl1 1.50 7.1 1 2637 7422.0:1 7.22 26.26 323252 .56 1.60 4.62 
2.59\ 35JD .78 8,9.3 35.30 10183.82 9.91 36.1 8 568649.20 2.82 7.44 
10.046 11 7307.07 29 .68 64.98 36&72.99 :\;.89 72.07 3779259.09 18.76 26.20 
69.354 9\554.38 23 .16 8K15 19317.68 \8.80 90.87 79:1 1878.16 39.)7 65.57 
595.123 46848.0] 11.85 \on.oo 9318.12 9.1.1 100.00 6935135.47 34.43 100.00 
um 395246. 16 100.00 102732.94 100.00 20}453&0.49 100.00 
Table 32 Bed materialload for Mhlathuze Site 2 virgin flow 
Q I Yang I 00 time I cum <10 I AW I no time I cum n,o I EH I ° otime I L"Unl 0'0 
0.000 0.00 0.00 0.00 0.00 0.00 10.00 0.00 0.00 0.00 
0.656 67.2R O . O~ O.O~ 12.R9 0.04 20.00 69.98 0.00 0.00 
1.112 7).71 om 0.06 13.15 0.04 ~O.OO 150.99 0 .01 0.01 
1.721 125.85 0.06 0.12 18.51 0.06 40.00 ~05.J 1 0.02 0.03 
2.469 205.54 0.09 0.21 ~O . 44 0.10 50.00 646.89 0.04 0.07 
3.)42 384.12 0. 17 0.3R 48.48 0.15 59.99 1193.99 0.07 O.U 
4.521 725.63 0.J2 0.70 79.69 0.25 69.99 21 63.06 0.12 0.26 
6354 1507.31 0.67 137 199.16 0.6:1 79.99 4240.41 0.24 0.50 
10.378 4606.01 2.04 :1.40 665 .95 2.12 R9 .1)(} 12260.67 0.69 1.19 
17.907 7296 .21 3.B 6.63 1027.29 3.2R 94.99 17320.87 0.98 2.17 
38.38R 2473130 10.94 17.56 3749.0:1 11.95 98.99 57965.20 3.2R 5.46 
195.995 72310.64 31.97 49.54 10078.38 3 2.13 99.94 294) 15.03 16.67 22.13 
1435327 114124.77 50.46 100.00 15441.34 49.25 100.00 n74431.8{) 77.R7 100.00 
um f26158 .37 1 100.001 1 
3\36430 I 100.001 11765064.201 100.001 
Table 33 Bed materialload for Mhlathuze Site 2 present-day flow 
Q Yan °0 time L"Utn no :\\\' ~n time L"Unl nl1 EH 0 0 time L'Um On 
0.000 0.00 0.00 0.00 0 .00 0.00 0 .00 0.00 0 .00 0.00 
O.15~ 5R.47 O'()4 0.04 4R.l:1 0.27 0.27 27.94 0.00 0.00 
0.455 46 .87 0.04 0.08 12.75 a .07 0 .35 36.16 D.OO 0.01 
0.605 52.65 0,(J4 0.12 9.52 0 .05 0.40 57.94 0.01 (UJI 
0.R31 72.09 C) .Oli 0.18 12.32 0.07 0.47 96,(J4 0.01 OJJ2 
1.115 66.80 0.05 n.n 11.29 0.06 O.5~ D5.40 (UJI 0.04 
1514 R!U6 0 .07 0.:10 14.61 {I.OR 0.62 223.47 0.02 0.06 
2.135 149 .95 0 .12 0.41 22.96 o.n 0.75 437.04 0.04 0 .10 
3.5 22 403 .70 rUt 0.72 4R.87 0.28 1.02 l1R4.R9 0.12 0.22 
6.775 869 .94 (Ui 7 D9 115.(J.'\ 0 .65 1.6R 2397.0i 0.24 OA7 
20.166 7407.02 5.69 7.0R 1031.52 5.R5 7.53 17400.97 1.77 2.B 
136.R95 41638 .71 32.0 \ 39.09 5R64.02 3.1.26 40.7R 144490.RO 14.67 16.90 
1094.274 60.91 100.00 10440.77 100.00 818772.4-1 lO.lO 100.00 
lint 
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Table 34 Bed material load for Mhlathuze Site 3 virgin flow 
Q I Yang I °otim~ I '-'"lim 0" I A.W I "" tim.,: I ... ·um nn _ L EH I °otimc:: I cum 0'0 
0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 
0.9:\2 41..56 0.03 0.0) 16.05 0.04 0.04 1~.57 0.01 0.01 
1.49\ 0.00 0.00 O.oJ 0.00 0.00 0.04 0,00 0.00 0.01 
1.2 11 RO. 25 0.06 0.09 16.80 0.04 0.07 105.62 0.04 O.Ol 
3.095 122.R7 0.09 0.19 2l.47 0.06 D. D 173.03 0.07 0.12 
4.112 203.96 0.16 0.34 41. 75 0.09 0.22 )04.32 0.13 0.2l 
5.424 344.12 0.26 0.60 69.95 0.16 O.:U:t 526 .61 0.22 0.46 
7.479 712.76 0.54 1.14 169.56 0.38 0.76 1024.35 0.42 0.89 
12.236 2212.00 1.6R 2.R3 565 .64 1.26 2.0 1 270R.l R 1. II 2.00 
21.:\75 4265.07 3.24 6.07 10&6.40 2.42 4.43 50HL55 2.07 4.07 
48.66\ 17377.46 1J.22 19.29 4657.19 10.36 14J!O 18967.49 7.Rl 11.R7 
245.495 46692.52 35.51 54.79 20174.16 44.90 59.69 ll135 .1 2 21.04 )2.9 1 
1736.416 59444.72 45.21 100.00 IR112.29 40.:'11 100.00 163017.62 67.09 100.00 
lim 11J1497.2R 1 100.00 1 
1 
4493S .27 1 100001 1 242999.47 1 100.00 1 
Table 35 Bed material load for Mhlathuze Site 3 present-day flow 
Yan ~'oliml! ...... tl111 0'0 AW 0." time '-"lIm "0 EH n,,,time 1,:11111 ".'0 
0.000 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0.00 0.00 
0.429 95 .23 0. 11 0.11 l17.36 I.RO UW 13.58 0.01 0.01 
0.565 77 .19 0.09 0. 20 239.91 0.&4 2.M 15.R2 0.01 0.02 
0.773 ,56.11 0.07 0.27 61 .72 0.21 2.R5 18.71 0.01 om 
1.0RR 40.76 0.05 0,)2 10.57 0.04 2.R9 2R.R5 0.02 O.Ol 
1.476 48.92 0.06 0.37 10.75 0.04 2.93 50.82 0.03 0.08 
2.009 71.90 O.OR 0.46 15.58 O.Ol 2.9R 89.96 0 .06 0. 14 
2.837 112.72 O.B 0.59 24.60 0.09 3.07 146.71 0.09 0. 23 
• . RR3 194.01 0.23 0.R2 6 1.74 0. 21 3.28 428. 67 0.27 0.50 
10.))0 770.97 0.90 1.72 19R.52 0.69 3.97 96R.96 0.6 1 1. 11 
30.714 736R.79 8.65 10.)7 1951.82 6.79 10.77 79l0.97 5.0 1 6.12 
IM.467 33108.56 38.85 49.22 130 17.64 45.32 56.08 37 111.98 23.37 29.49 
1410.450 43277.57 50.7R 100.00 12615.23 100.00 11 1950.34 70.51 100.00 
Table 36 Bed material load for Mhlathuze Site 4 virgin flow 
Q Yan ""timc !""Uml!.o AW I)" time cum"'" EH "·0 tim..: t:um 0" 
0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
1.510 16.09 0.0 1 0.0 1 0.00 0.00 0.00 88.23 (J .05 0.05 
2.275 63.56 0.04 0.06 0.00 O.on 0.00 197.71 0. 11 0. 16 
3.154 169.27 0.12 0.17 25 .86 0.05 0.05 :;76.34 0. 2 1 0.36 
4.201 347.86 0. 24 0.42 65.84 0.12 0.17 660.49 0.36 0.72 
5.373 732.77 0.5 1 0.93 I.R.42 0.27 0.44 1085.fK) O.S9 1.J2 
6.820 1431.1 8 1.00 1.93 296.99 0.54 0.9R 1729.46 0.94- 2.26 
9. 1 Hl 2895.0:- 2.rn 3.96 63R.R~ 1.17 2.15 304f1.12 1.66 3.92 
14. 170 65:-9 .. l2 4 .59 8.55 1781.9 2 .1. 26 5.41 5452.55 2.9R 6.90 
B .653 85R:- .:n 6.01 14.5t'i 2933.S7 536 HI.77 640K04 :t50 10.40 
53.078 26706.24 18.69 33.26 9689.94 17.71 28 .48 23068.2:\ 12.60 23.0{J 
263.205 .l 241O.6R 55.94 IOOJ 5.76 18.34 46.8:- 33444.91 18.27 41.27 
1 R49 .764 62937.1':9 100.00 29090 .08 100.00 107508.45 l OOJKJ 
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Table 37 Bed material load for Mhlathuze Site 4 present-day 
Q I Yan_to? I °otim~ ~um 11-0 AW I "to time enrol'ln I EH I ""time cum °0 
0.000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.657 0.00 0,00 0.00 0,00 0.00 0.00 16.64 0.0 1 0.01 
0.97J 0.00 0.00 0.00 0.00 0.00 0.00 J5.6~ om 0.05 
un 12.10 0.01 0.01 0.00 0.00 0.00 72.66 0.07 0.11 
J.R70 13.22 O.D) 0.04 0.00 0.00 0 .00 UO.O~ 0.12 0.23 
2.41~ 74.1\ 0.09 0.1' 0.00 0.00 0.00 215.93 0.19 0.42 
J.D~ 15~.]2 O.I~ 0.31 23 .06 O.O~ O.O~ J60.0~ 0.]2 0.74 
4.211 337.14 0.39 0.70 49.11 0. 16 0.24 642.R~ 0 . 5~ 1.31 
6.69R 1341.7:1 1.55 2.25 267.RI 0.R9 1.1' 1615.94 1.45 2.77 
12.757 2990.14 3.46 5.72 707.11 2,]6 3.49 2766.30 2.4~ 5.24 
35.156 13489.26 15.62 21.:14 4669.03 15.57 19.06 104}0.12 9 . .12 14.57 
202.479 25169.95 29.14 50.4~ ~202.25 27.:l6 46.42 24068.01 21.55 J6.12 
15JO.548 42766.43 49.52 100.00 16064.15 5J.5~ 100.00 71'25.65 6J.88 100.00 
um F6J62.40 
1 
100.00 1 
1 
299R2.55I 100.001 I 111659.97 1 100.001 
Table 38 Bed material load for Olifants Site 1 
Q J '{:I.1l2. I ° '0 tim\! 1 l.'umO", I ",IV D,O tjm~ I cum 0 ,1'\ EH O' lItim~ I ..:unl °'0 
0.047 0.00 0.00 0.00 0.00 0.00 0.00 ].22 0.00 0.00 
0.259 J . ll 0.01 0.01 0.00 0.00 0.00 48.02 0.0 2 0.02 
0..136 6.03 0.02 0.03 0.00 0.00 0.00 n.39 OJ)] 0.05 
0.448 I 1.65 0.04 0.07 1.36 0.02 0.02 121.90 0 ,05 0.10 
0.66.1 25.47 0.09 0.16 .1.14 0.05 O.O~ 236.92 0.10 0.20 
1.08~ 7R~6 0.27 0.43 &.6 1 0. 15 0. 22 554 . .56 0.23 0.43 
1.897 225.21 0.77 1.20 30.99 o.n 0.76 1401.54 0 .58 1.01 
3.504 610.65 2JJ9 3.29 75.69 1..10 2.05 4147.73 1.72 2.7J 
7.364 262].88 8.98 12.27 366.6& 6.29 R.J4 14106.79 5.84 lU7 
IS.OlJ 4111.63 14.07 26.34 652.12 11.1 & 19.52 22593.70 9.35 17.92 
32.792 10018.20 34.29 60.63 1&65.39 J 1.98 51.49 61R&7.&7 25 .62 43.53 
1\0.6&2 &667.30 29 .67 90.30 219&.0& 37.6& &9. 17 &7353.6& 36.16 79.69 
J61.246 28J4.94 9.70 100.00 6J 1.76 10.&3 100.00 49068.26 20. JI 100.00 
um Fn 16.94 
1 
100.001 
1 
5m.~11 10000
1 
1 241597591 100.001 
Table 39 Bed material load for Olifants Site 2 
Q Yang o.otim~ L'"Um lln .-\W I)otim~ I cum nl) EH I)n time! cum n." 
0.51& 1071.59 0.04 0.04 2J2.08 0.01 rJ.(ll J714.57 0.01 0.01 
1.547 5562.06 O.D 0.27 lJ02.26 0.06 0.07 D603.19 0.05 0.06 
2.105 2066.09 0 .09 0.36 2066.09 0 .09 0.16 41074.30 n.09 0 .16 
2.794 1.1157.19 0 .54 0.90 3205.21 0.\4 0.31 6&719.26 0.\6 0 .3\ 
3.&77 21027.34 0.87 1.76 lJ21.48 0.24 0.55 122995.34 0.28 0.60 
5.771 36&&2.56 1.52 J .2R 9&62.6& 0.45 0.99 247536.02 0 .57 1.16 
9.109 7033;:\.52 1.89 6. 1R 20428.82 0 .92 1.91 54R025.34 1.26 2.42 
14.927 1.19894.72 5.76 11.9J 44456.42 2.01 3.92 1309708.5& 3.01 5.43 
26.7-47 317107.12 l:tO~ 24.9R 117&79.2:' 5.32 9.24 3704 141.94 !UD B .93 
47.229 349KU.60 14.39 39.JR 211840.95 9.56 lR.80 5139749.07 11 .79 15.72 
94574 &25695.5& :n .9~ 73.:\:- 1113710.12 50.7\ 69 .50 1:\671379.55 31.37 ~7 .09 
27&.456 5496&3.59 22 .62 95.97 6264&2.90 2&.27 97.77 15329S79.41 35.1 R 92.27 
721.615 97964.66 4.0J 100.00 49J.B.81 2.23 100.00 J361GKHJ7 7.73 100.0[) 
lim F4J0279.6 1 I 100.00 I 12216122.071 100.001 t3 .5 79909 .651 100.001 
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Table 40 Bed material load for Olifants Site 3 
Q Yan ~n time I.·um nn AW '!ntimc I."um nn EH a'l! time cum °0 
O.O6~ 0.00 0.00 0,00 0.00 n,oo 0.00 0,00 0 .00 0.00 
0.220 0.00 0.00 0,00 0,00 0.00 0 .00 0.96 0 .00 0.00 
0.292 0.00 0.00 0.00 0.00 0,00 0.00 1.77 0.00 0 .00 
0.)68 0.00 0.00 0,00 0.00 0.00 0.00 4.03 0.0 1 0.01 
0.467 0.00 0.00 0.00 0.00 0.00 0 .00 6.49 0.01 0,02 
0.619 7 . .18 n.D 0.13 0.00 o,no 0.00 12.60 0.02 0.05 
0.99.1 6.29 0.11 0.24 0.00 O.no o,no .15 .75 0.06 0.11 
1.709 43 .70 0.77 1.01 4.01 0. 11 0.11 116.15 0.21 0.32 
).)81 21 5.50 3.79 4.79 3* . .57 0.97 1.09 570.91 1.02 1..1) 
6.808 ~HllJ!5 6.71 11.50 72.7.1 2.05 3.13 1271.64 2.26 3.60 
15..199 1518 . .11 26.67 .18.17 47S.95 1.1.47 16.61 6749.61 12.01 15.61 
52.411 200.1 . .1 0 .15.19 TU6 1544.:\3 43.45 60,0.5 22810.94 40.59 56.20 
186.472 1.516.60 100.00 1419.82 39.95 100.00 4.1.80 100.00 
urn 
Table 41 Bed material load for Olifants Site 4 
Yan °a timc I.'lllll (I 'n AW n()timc cum "n EH (I,D timo;! cum II n 
0.291 0.00 0.00 0.00 0.00 O.no 0 .00 0.00 
0.8.14 0.00 0.00 0 ,00 0 .00 0.00 0.00 0.00 
1.111 0.00 0.00 0.00 0.00 0.00 (J.OO 0.00 
1.421 0.00 0.00 0.00 0.00 0.00 o.on D.OO 
1.81 2 0.00 0 .00 0 .00 n.oo ~ .07 O.OR 0.08 
2.)71 0.00 0.00 0.00 0 .00 15.)9 0.24 0.3 \ 
3.2R6 0.00 O.on 0.00 O.on 31.3S O.4R 0.79 
5.052 12.15 1.40 1.40 0,00 77.46 1.19 1.98 
9.294 74.78 8.61 10.01 0,00 190.05 2.91 4.S9 
17.)91 12.1.19 14.19 24.20 G.no 273 .60 4.19 9.07 
.17.60 1 271 . ~O .11.25 55.45 0.00 99~ . 16 15.20 24.27 
121.6~5 261.56 JO. l1 ~5.58 0.00 2179 .(j9 33 .35 57 .62 
379 .494 125.1(j 14.42 100.00 2769.72 42 . .18 100.00 
um 
SNtIAIN 77V NOd StI7HV.L A NVNNflS 
DXIUNtIJJV 
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The following tables contain a number of symbols. The list below explains their meaning. 
% 
Q 
R 
v 
S 
0 16 
0'0 
0" 
FFe 
percentage duration on the I-day daily flow duration curve 
discharge (m·'s·l) 
hydraulic radius (m) 
mean cross-sectional velocity (ms·l) 
slope (mlm) 
the sediment size in millimetres at which 16% of the sediment is finer 
the sediment size in millimetres at which 50% of the sediment is finer 
the sediment size in millimetres at which 84% of the sediment is finer 
the flood frequency curve on the annual series. The values are return periods in 
years 
PDS the flood frequency curve on the partial duration series. The values are return 
periods in years 
Max Y the maximum competence in millimetres predicted using the Yang equation 
Max A W the maximum competence in millimetres predicted using the Ackers and White 
equation 
Max EH the maximum competence in millimetres predicted using the Engelund and Hansen 
equation 
% tran Y the percentage of bed material transported using the Yang equation 
% tran A W the percentage of bed material transported using the Ackers and White equation 
% tran EH the percentage of bed material transported using the Engelund and Hansen 
equation 
t boundary shear stress calculated using average depth (area/width) in Newton 
metres squared 
Ii> unit stream power in Watts per metre squared 
QI.' The 1.5 year return period on the annual flood frequency curve 
Qw The 2.44 year return period on the annual flood frequency curve 
Qn9 The 0.9 year return period on the partial duration series flood frequency curve 
Q,n The 2.0 year return period on the partial duration series flood frequency curve 
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The following tables contain a number of symbols. The list below explains their meaning. 
Q 
d 
p 
g 
p, 
R 
S 
D,. 
D!,!, 
D" 
~ 
'tel * 
~" 
~RBS 
q, 
q cnuCIll 
w 
RBS. 
~ 
is discharge in m's·' 
is depth in m 
is the density of the water (kg.m·.l) 
is the gravitational acceleration (m/sec') 
is the density of the sediment (kgm·') 
is the hydraulic radius (m) 
is the slope (mlm) 
is the sediment size in millimetres at which 16% of the sediment is finer 
is the sediment size in millimetres at which 50% of the sediment is finer 
is the sediment size in millimetres at which 84% of the sediment is finer 
is the boundary shear stress (N/m') 
is the critical dimensionless shear stress 
is the Shield· s criterion 
is the Relative Bed Stability calculated using the shear stress criterion 
is the bankfull unit discharge (m' s·' ) 
is the critical bankfull discharge 
is the stream power (Wm·') 
is the Relative Bed Stability calculated using the bankfull unit discharge 
is the Milhous beta value 
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